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FC_EWORD

During the past ten years, investigations within the broad area of combustion

research have@been conducted by govermment, industry, and university. Much of this

research has been sponsored and financed by the Federal Government, usually to fur-

ther some application of combustion such as flight propulsion. As a result, exten-

sive data have been published by a variety of sources. The greatest benefit can be

derived by collecting, collating, and interpreting this information. Accordingly,

the NACA has herein integrated and interpreted information on combustion with a view

to its application to flight propulsion.

The principal problem of interest in this study is that of burning fuel continu-

ously and efficiently in a small volume and at high rates. Heat-release rates must

be large and combustion efficiency nearly perfect in order to obtain high thrust

and low specific fuel consumption from a small, lightweight engine. Wide ranges of

speed, altitude, and climate are generally encountered in flight, and these factors

often change rapidly. Thus, the combustion system must perform over wide ranges of

fuel flow, inlet-air flow, pressure, and temperature.

In addition to burning fuel efficiently and at high rates, the performance re-

quired of a combustion system depends on the particular engine and its operation.

In general, the following condition_ are desirable: Pressure loss through the com-

bustion system should be kept to a minimum s since high pressure loss causes increased

engine specific fuel consu_tion. Mixing of burned and unburned gases upstream of

the combustor outlet must provide a preferred temperature distribution at the out-

let. This requirement may result either from turbine stress-stremgth considerations

or from the need of a nearly uniform Jet velocity profile for high propulsive effi-

ciency. Deposition of coke and formation of smoke are both undesirable in the oper-

ation of combustors. Of the two factors, coke deposition presents the more serious

problem because of its adverse effect on combustor performance and life. The com-

bustion system should be durable_ yet lightweight. Reliable ignition is also neces-

sary. Unfortunately, some of these requirements are conflicting with respect to

design. Specifically, then, the combustion problem for a high-performance aircraft

engine such as the Jet or turbine type arises from two factors: (1) the extreme

range and rapid variations of'operating conditions encountered, and (Z) the many

requirements of the combustor, some of which necessitate compromise in the design.

Many sources of basic and background information are available to the designer

of high-speed combustion systems. The volume of literature concerning this subject,

which was large before World War If, has since expanded tremendously with the expendi-
ture of millions of dollars by the Federal Government. These funds have supported

both fundamental and applied combustion research in laboratories throughout the
nation.

A large number of recent research papers on the fundamentals of combustion a_

compiled in the Third and Fourth Symposia on Combustion p_blished by the Williams &

Wilkins Company; and there are a few very useful texts on basic aspects of combus-

tion, such as Explosion and Combustion Processes in Gases by Jost, Combustion s Flames 2
and Explosions of Gases by Lewis and yon Elba, and Flames by Gaydon and Wolfhard.

Much additional information exists in technical Journals, symposia, and house organs
such as progress reports on military proJects.



Published information on the application of combustion research to flight pro-

pulsion is less comprehensive. Although many individual papers on the subject appear

in the classified literature, there are only a few summary papers. Discussions re-

lating combustion fuudaw_utalS tO the problel of design principles for Jet-engine
combustors have appeared in RACA conferences for industry (e.g.j NACA Conference on

Turbojet Engines for Supersonic Propulsion, Oct. 8-9, 1953; RACA Conference on Super-

sonic Missile Propulsion, Mar. 15.I I_5Z), but these discussions are necessarily

brief. The Applied Physics Laboratory of Johns HOpkins University is summarizing

and integrating its own information pertinent to rsm-Jet engine design. The Prince-

ton University Press is preparing a twelve-volume treatise on High-Speed Aerodynamics

and Jet Propulsion that Yill include a treatment of both basic and applied combustion,
although it will be limited to the unclassified literature.

As can be seen, no adequate summary of the source _terial on combustiou is avail-

able to the flight-propulsion engineer. Such a su_ should reduce design effort

by organizing pertinent information on both baSic and applied combustion and extract-

ing those principles and ideas which are useful or significant in aircraft engine

design. The purpose of this report is to present such a study.

First 3 several chapters review such fundamental processes as fuel-air mixture

preparation, gas flow and mixingj flammability and ignitiou_ flame propagation in

both homogeneous and heterogeneous mediums, flame stabilization t combustion oscilla-

tions, and smoke and carbon formation. The practical significance and the relation

of these proceeses to theory are presented. A second series of chapters describes
the observed performance and design problems of engine comhustors of the principal

types. An attempt is made to interpret performance in terms of the fundamental

processes and theories previously reviewed. Third, the design of high-speed com-

bustion systems is discussed. Combustor design principles that can be established

from basic considerations and from experience with actual combustors are described.

Finally, future requirements for aircraft engine combustion systems are examined.

Certain limitations have been necessary. The references were selected from a

complete review of the field in order to illustrate points that were pertinent to
the subject at the date of writing. Thus, the references cited are a thorough bibli-

ography, but not a complete one. Some iz_portant topics may have been omitted. Also,

the study is one of air-breathing engine's and hydrocarbon fuels; rocket engines and

fuels other than hydrocarbons# such aS the so-called high energy fuels, are consid-
ered outside the scope of this report.

Because of continuing progress both in fundamental combustion research and in

the adaptation of combustion principles to aircraft propulsion, this report is not

intended as a final smmmary of developments in the field; however, it may be of
aSsistance in future work.

Walter T. Olson
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CHAPTE_ I

ATOMIZATION AND EVAPORATION CF LIQUID FUELS

By Charles C. Graves and Donald W. Bahr

INTRODUCTION

In both turbojet and ram-Jet engines, the fuel is usually fed into the combus-
tion chamber either as a well-atomlzed liquid spray or as a vapor (prevaporizing-

type combustor). Accordingly, the formation of liquid sprays, the evaporation of

both single drops and entire sprays, and the conditions required for various degrees

of fuel flash vaporization are of interest to the combustion-chamber designer. The-

oretical and experimental work on most of these factors is not sufficiently complete

to permit much direct application to particular combustion chambers. However, even

if used only in a qualitative sense, knowledge of the principles and trends involved

is required for good combustion-chamber design.

The factors involved in the atomization and evaporation of liquid fuel are
discussed herein primarily in their own light and not in relation to their effect on

other processes contributing to over-all combustion-chamber performance. The _ppli-

cation of this knowledge to actual combustion-chamber design is discussed in sub-

sequent chapters. A detailed discussion of the mixing of the liquid and vapor fuel

with the combustion air is presented in chapter II.

a

b

bg,w

Cp

_v

Dv

d

dab

dh

aj

_m

SYMBOLS

The following symbols are used in this chapter:

constant

constant

mass diffusion coefficient

root mean square molecular velocity or surrounding fluid

specific heat at constant pressure

root mean square molecular velocity of diffusing vapor

diffusion coefficient of vapor in surroumdi_g fluid

drop diameter

mean drop diameter

orifice diameter

diameter of undisturbed Jet

mass or volume median drop diameter

air-atomizer throat diameter
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dsz

F

Fv

f

g

H

h

K

l

M

m

dm

dt

N

Nu

Nu'

n

P

Pr

P

PBM

Q

q

R

Re

ReSc '

Rs

r

rh

S

Sauter mean drop diameter

flow number

ventilation factor

fuel-alr ratio

gravitational constant

latent heat of vaporization

specific enthalpy

constant

mean free molecular path of surrounding fluid

molecular weight

constant

evaporation rate of drop

number of drops

Nusselt number for heat transfer

Nusselt number for mass transfer

distribution constant

nozzle pressure drop

Prandtl number

ambient pressure

log mean pressure of surrounding fluid

volume-flow rate

constant

universal gas constant

Reynolds number

g/bg, wdUrO

weight fraction of fuel spray containing drops of diameter larger than

radius

orifice radius

1/2 film thickness

d
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SC

T

Ta, w

Tbp

t

t o

Ua

U r

Urc

UI ,h

W

We

X

x_

Y

Z

Z

(I,

B

F

X

V

P

CI

S chmidt number

static temperature

air temperature at which water has same drop-surface temperature as given

liquid

normal boiling point of evaporating liquid

time

breakup time of liquid Jet

air velocity

relative velocity between drop and air or liquid film and air

relative velocity between drop and air at instant of breakup

velocity of liquid at orifice

welght-flow rate

Weber number

fraction of fuel vaporized

size constant in drop-distrlbutlon functions

maximum stable drop diameter

variable in logarithmic-normal distribution function

axial distance downstream of fuel injector

accommodation coefficient

spray-cone angle

gamma function

thermal conductivity

wavelength of surface disturbance

wavelength of surface disturbance producing maximum film or Jet instability

absolute viscosity

kinematic viscosity

density

surface tension

distance between liquid surface and surface where diffusion starts
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Subscripts:

a

f

g

m

o

v

1

2

em

air

fuel

surrounding fluid

liquid

vapor-air mixture

drop surface

vapor

condition prior to vaporization

condition at end of vaporization

infinite distance from drop

ATOMIZATION OF FUEL

Basic Relations for Fuel Atomization

Atomization theory. - In order to provide the rapid liquid fuel evaporation
rates required in Jet-engine combustors, the fuel must be finely atomized and well

distributed. The mechanism of atomization is not well understood, and no general

theory has been evolved to predict degree of atomization for particular nozzle de-

signs, fuel properties, and operating conditions. However, a general picture of the

atomization process can be drawn from considerable experimental work and some limited

theoretical work performed in previous years.

The atomization of liquid fuel can be considered to occur in six steps:

(1) Stretching of fuel into sheets or streams as a result of accelerating the
liquid through the nozzle orifice

(2) Appearance of small local ripples and protuberances at the liquid surface

as a result of initial liquid turbulence and the action of the air on the liquid
stream

(3) Formation of ligaments as a result of air pressure and shearing forces

(ligaments are torn from main body of liquid or result from additional stretching
of fuel sheets or streams)

(4) Collapse of ligaments into drops as a result of surface tension

(5) Further breakup of these drops

(6) Agglomeration of drops

Combinations of part or of all these steps would appear to occur whether atom-

ization is effected by injecting fuel at high velocity into relatively quiescent air

(pressure atomization) or by the action of a high-velocity air stream on a relatively
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low-velocity fuel stream (air atomization). The relative iu_portance of each step

varies with application, depending upon such factors as relative velocity between

fuel and air, and fuel-air ratio. The various factors involved in the atomization

process might be best considered by following the changes occurring in atomization

as the relative velocity between the fuel and the air is increased from low to high
values •

Rayleigh (ref. I) treated the effect of rotationally s_etric disturbances (fig.

l-l(a)) on the breakup of a liquid Jet. The flow was assumed to be incompressible and

irrotational. It was shown that a liquid Jet subject to surface disturbances becomes

unstable when k/dj m_. Here, k is the wavelength of the surface disturbance and

dj is the diameter o_ the undisturbed Jet. The surface disturbances increase and

finally result in the breakup of the Jet into drops. When k/dj is equal to 4.51,

the surface disturbances increase at the maximum rate and result iu the maximum de-

gree of Jet instability. In experiments on a free-falling Jet, Tyler (ref. 2) obtained

a value for k/dj equal to 4.65. On the basis of these tests, Tyler concluded that

the breakup of such Jets occurs under the condition of maximum degree of instability

as given by the Rayleigh theory.

Weber (ref. 3) extended the Rayleigh analysis to viscous liquids moving at low

velocities. For the case where the air and fuel have the same velocity, the breakup

time to of a liquid Jet caused by rotationally sy_netric disturbauces0(fig. I-l(a))

could be expressed by the equation

to - K dj 1"5 + 5 d (1)

where

d.j diameter of undisturbed Jet

K constant

_; absolute viscosity

O_ liquid density

a surface tension

The value of

equation
_/dj for the maximum degree of Jet instability is given by the

_max _
(2)

From these equations, it can be seen that both breakup time and the optimum value of

_/dj for breakup increase with increasing viscosity and decrease with increasing

surface tension. The trends predicted by the Weber analysis (ref. 5) are in agree-
ment with the experiments of Haenlein (ref. 4).

At higher relative velocities, wave formation (fig. I-l(b)) is encountered as a

result of air effects. Weber she,Sad that a minimumrelative velocity must exist for

the onset of wave formation. As this velocity is exceeded, the require_ distance
for breakup decreases.
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Thevarious stagesof atomization for simple jets were separated by Ohnesorge

(ref. 5) into t,hree_ups, as shown in figure I-2. Here, a dimensionless parameter

Z, equal to _//_plodj, is plotted against the Jet Reynolds number. In region I,

the Jet broke up in accordance with the Rayleigh-type disturbances (fig. I-l(a)).

In region IX, the Jet breakup occurred in the form of helicoidal waves. In region
III, complete disruption of the Jet occurred at the orifice.

Jet breakup resulting from wave formation has also been considered for the case

of swirl-type pressure-atomizing nozzles. For swirl-type nozzles operating under a
moderate pressure differential, the liquid emerges from the orifice in the form of a

conical film. Waves and holes appear in the film which eventually disintegrates to

form the spray. Two theoretical investigations (refs. 6 sad 7) have been made in an
attempt to explain the breakup of the film as the result of wave formation. The

analyses follow the classical treatments given by Lamb (ref. 8). Viscous, inertial,

and gravitational forces are neglected. The flow is considered to be potential.

The relative velocity between the film and surrounding medium is assumed constant

and the film is treated as two-dimensional. Provided the film is flat (fig. I-3(a)),

it is not subject to disturbing or restoring forces. However, if there is a slight
surface bulge, the film is subject to both aerodynamic and surface-tension forces.

At the bulge, a local decrease in pressure occurs which tends to increase the surface

disturbance. This force is opposed by restoring forces resulting from surface ten-

sion. Under certain conditions, where aerodynamic forces predominate, the film
becomes unstable and eventually breaks up.

In reference 6, the analysis is concerned with film breakup resulting from

antisy_netrical oscillations. For this type of oscillation, the cross section of
the film is as shown in figure I-3(b). • The thickness of the disturbed film is con-

sidered to be constant. It was found that the film is unstable for

2
P zUr S

We - _ • i (3)

where

S _2 film thickness

Ur relative velocity between film and air

We Weber number

For We m > I, the wavelength k of the surface disturbance resulting in maximum
Imstabillty of the film is

]_max PaUr
- _ (4)

where Oa is the air density. Equation (4) can be expressed as

)'max 4_(Pz %

-x-" ¢s)

Fair m6_eement was found between predicted an_ calculated values of kma x obtained

from photographs of swirl atomizer sprays (ref. 9). Sy_netrical oscillations, in

which the mean surface of the film remains flat, would also result in an unstable

film. However, the degree of instability was stated to be much less than for the
antlsy_netrical oscillation considered in reference 6.

0
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In reference 7, a similar type of analysis was made independently. In this

treatment, the film cross section was considered to have the form shown in figure

I-3(c). Only the upper surface of the film was considered to be disturbed. The

case of exponential increase in wave amplitude was considered in detail.

At high relative velocities between liquid and air, complete disruption of the

liquid Jet occurs close to the fuel orifice and results in the formation of large

numbers of drops. This type of atomization occurs particularly in the case of air

atomization and is also found with pressure-atomizing nozzles operating under high

injection-pressure differentials. An analytical study of this type of atomization

was made by Castleman .(ref. 10) who applied the Rayleigh analysis (ref. l) to the
case of air atomization in which ligaments are torn from the liquid Jet surface.

According to the Castleman picture of atomization, ligaments are drawn from the main

mass and collapse, because of their instability, into a number of drops. At the

higher air speeds, finer ligaments are formed which break up to form smaller drops.

Higher surface tension would cause quicker collapse of the ligaments before they are

drawn too finely and would result in larger drops. These trends are verified by

experiment.

At high relative velocities between fuel and air, the drops formed from the

breakup of the ligaments, may, in turn, be broken up as a result of air effects.
This mechanism was studied by Hinze (ref. ll) and Lane (ref. 12). Hinze showed that

the criterion for drop breakup is the appropriate value of the Weber number We as

given by

We - 2-_-- (e)

where

d drop diameter

The predicted value of We for breakup varied between 6 for low-viscoslty liquids

and l0 for hlgh-viscosity liquids for the case where the liquid drop is exposed

suddenly to a constant-velocity air stream. Under most atomization comditions, how-

ever, the relative velocity between drop and air stream decreases rapidly. If the

viscosity appreciably decreases the rate of drop deformation, the relative velocity

may therefore be reduced below the critical value before the drop is appreciably

deformed. Consequently, the critical initial value of velocity for drop breakup

under actual atomizing conditions may be much higher _han the steady-state critical
velocity obtained from equation (6). In addition, the actual effect of drop vis-
cosity on drop breakup may be much higher than that predicted from theory.

Lane (ref. ]2) investigated the breakup of individual drops when exposed to

steady and transient air streams. In one set of experiments, water drops having

initial dismeters ranging from 0.5 to 5.0 millimeters were dropped into a constant-

velocity air stream. At a critical relative velocity between drop and air, the

freely falling drops assumed the form of hollow bags which sttbsequentlyburst and

produced a shower of drops. The relation between drop velocity and diameter at

breakup could be expressed by the equation

UZrcd = 612 (7)

where
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d dropdiameter,mm

Urc relative velocity betweendropandair at instant of breakup,m/sec

Additional tests using liquids havingsurfacetensions a varyingfrom approximately
28 to 475dynesper centimeterestablishedthe relation

Urc _d (8)

These results are in agreement with the prediction of Hinze that drop breakup is

associated with a critical value of Weber number. Experiments conducted with high-
velocity transient air blasts showed that under these conditions thin layers were

stripped from the drop surface before it was appreciably deformed. Drop-slze meas-

urements indicated that equation (7) would predict too great a rate of decrease in

drop size at the very-hlgh-veloclty conditions. On the basis of the Hinze and Lane

results# average spray drop size, as affected by drop breakup# would be expected to

be larger for fuels having higher surface tensions and viscosities. The results

might also be used to estimate maximum expected drop sizes to be obtained with air
atomizers.

Collision of drops with resulting agglomeration may cause an appreciable in-

crease in average drop size. Under the high turbulence levels in Jet-englne com-
bustors I the collision rate might be expected to be large, particularly where there

is a large number of drops per unit volume of combustion space. Where pressure-
atomizing nozzles are used 3 collisions also occur as a result of the difference in

velocities of the various size drops. Under high nozzle-pressure-drop conditions,

atomization occurs close to the nozzle orifice. Small drops decrease rapidly in

velocity and tend to collect near the nozzle. The larger drops# which retain their

velocity over longer distances, overtake and collide with smaller drops in their
flight path.

The effect of agglomeration is indicated for pressure-atomizing nozzles from

de%ermination of mean drop sizes at various distances from the nozzle orifice (ref.

13). Agglomeration was believed to have caused the observed increase in mean drop

size with increase in distance from the nozzle. In tests using the molten-wax

method (ref. 14)j agglomeration was found to be quite pronounced for low-cone-angle

swirl nozzles operating at hlgh-pressure drops.

The effect of agglomeration on mean drop size for the case of air atomization

is suggested from the experiments described in references L5 and 16. In reference

LS, it was found that the volume ratio of air to fuel had a pronounced effect on the

Sauter mean diameter if the value of this ratio was less than 5000. For a hydro-

carbon fuel sprayed into air at room temperature and pressure 3 this value corresponds
to a fuel-alr weight ratio of O.OlZ. Since fuel-alr ratios near the fuel nozzles in

turbojet and ram-Jet engines can easily exceed this value, agglomeration may'be an

important factor in the determination of mean drop size. In reference 16, the vol-
ume median drop size for air atomization at sonic air velocities was found to be

primarily a function of alr-to-llquid mass-flow ratios.

Drop-size distribution in sprays. - One of the liquid fuel spray characteristics

of direct interest to the combustion-chamber designer is the fractional weight of the

spray distributed among the various drop sizes. Drop-size distribution relations

have been used in the calculation of theoretical evaporation rates of.liquid fuel

sprays (ref. 17). Eventually, when the process of fuel spray evaporation is bet-

ter understood, knowledge of drop-size distribution will be of use to the designer

in the determination of fuel spray evaporation rates for particular designs and

operating conditions.

_9
n-
O
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A typical example of the drop-size distribution for a liquid fuel spray is
shown in figure l-4(a). Here, the distribution is given in the cumulative mass-

fraction form; that is, the weight fraction R s of the total spray containing drops

of diameter larger than d. In figure I-4(b)I the same distribution is given in the

differential form. Here, the area under the curve between two values of d rep-

resents the weight fraction of the total spray containing that particular range of

drop diameters.

Since the theory of atomization is still not completely understood, recourse

has been made to empirically fitted mathematical expressions for drop-size distri-

butions, such as presented in table I-I. Four of the more well-known relations,

Nukiyama-Tanasawa (ref. i5), Rosin-Rammler (ref. 18), lo_rithmic-normal (ref. 19)

and upper-limit (ref. 20), are presented in table I-I. The relations are given in

both the cumulative mass-fraction and differential forms. In addition, expressions

are given for the Sauter mean diameter, one of the more c_n measures of mean drop

size (ref. 20). The Sauter or surface mean diameter is the diameter of the drop

having the same surface-to-volume ratio as the sum total of all drops in the spray.

The general expression for a mean drop diameter dab is given by

i i

i i-d a d(N da - 3 d(Re

•" - (9)

dab L/o ;='<"'u
a,b constants

N number of drops

R s weight fraction of fuel spray containing drops of diameter larger than d

For example I the Santer meaudiameter d3z , which involves a ratio of volume d3
and surface d 2, is obtained by setting a = 3 and b = 2.

The median drop diameter dm may also be used. Median drop diameters are

defined as diameters dividing the spray into two equal parts, in terms of such prop-

erties as volume, surface area, or number. A couaonly used median diameter is the
mass or volume median.

The Rosin-Rammler expression (table I-I) is a special form of the more general

Nukiyama-Tanasawa expression in which the exponents b and q have values such
that the differential form is readily integrated to the cumulative mass-fractlon

form. Both the logarithmic-normal and upper-limit relations (see table I-I) use

the following expression in the normal-probability distribution curve:

y- _ If(d)] (lO)

In the logarithmic-normal relation, f(d) has the form d/x, where _ is a constant

obtained from experimental data sad is related to mean drop size. In the up_-

limit relation, f(d) has the form Kd/Xm-d , where K is a constant _ xm is the

maximum stable drop diameter. This form of f(x) was chosen in order to make the

predicted frequency of distribution approach zero at a finite drop size, in accord-
ance with experimental data.
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With the exceptionof the logarithmlc-normalrelation, the expressionsin table
I-I are not basedon a physicalmodelof size reduction. Epstein (ref. 19) has
shownthat the size distribution of crushedsolids approachesthe logarithmlc-normal
distribution law asymptoticallyas the crushingprocessis continued,providedcer-
tain conditions of the breakupmechanismare satisfied. However,since noneof the
relations are derivedon the basis of a physical modelof the atomizationof a fuel
spray, the choiceof whichrelation to usemustdependuponthe ability of the rela-
tion to representaccurately the experimentaldrop-size distribution data. In some
cases,the choicebasedonaccuracyof representationmaybe temperedby easeof use
of the relation in application to suchprocessesas fuel sprayevaporationand
combustion.

Theexpressionsin table I-I require evaluationof twoconstants,onea measure
of meandrop size andthe other a measureof sprayuniformity. Theupper-limit
equationrequires evaluationof anadditional constant, the maximumstable drop
diameter. Determinationof the constantsin the relations of table I-I, as required
for the best fitting of the relations to experimentallydetermineddrop-sizedistrl-
butions, is readily accomplishedby graphicalmethods.Functional scalesare em-
ployed(e.g., probability paper)so that the data approximate a straight llne when

plotted. Values of the constants are obtained from the slopes and the intercepts of

best straight lines through the data. However, it is noted that the use of such

graphical procedures ma_ result in appreciable error (ref. Zl).

Of the four relations in table I-I, the Rosin-Rammler expression is the easiest

to use in the cumulative mass-fraction form. In this form, it is a simple exponen-

tial function, whereas the other relations require use of tables of the incomplete

gamma function or probability integral. The upper-llmlt and logarithmic-probability

relations have the simplest form in terms of the Sauter mean diameter. The upper-

limit relation follows the trends of experimentally determined drop-size distribu-

tion data more closely in that it is based on the existence of a maximum stable drop

diameter. While the other relations predict existence of drops of infinite diameter,

the predicted frequency of occurrence of the larger-dlameter drops becomes quite

small. Accordingly, errors associated with the predicted occurrence of infinite-

diameter drops may be insignificant for the case where such relations are used in

theoretical analyses of fuel spray evaporation or combustion rates, particularly

for the case of finely atomized sprays. Under these conditions, the Rosin-Rsmm_er

relation appears to be the most convenient to use. It should be noted, however,

that appreciable differences between calculated and actual mean drop sizes may be

encountered in the application of the first three relations of table I-I, particu-

larly the Nukiyama-Tanasawa relation, to experimental drop-size distribution data

(ref. 20). For example, the Nukiyama-Tanasawa relation may give a Sauter mean diam-

eter larger than that of the largest drop found in the sample. References 20 to 22

give a more complete discussion of the application, advantages, and disadvantages of

the relations of table I-I.

Several other methods of treating experimental drop-size distribution data have

been reported in the recent literature. Since these methods have not had much use

up to the present time, only a brief description will be given. In reference 23, an

adjustment factor (a function of drop diameter) was applied to the logarlthmic-normal

relation to correct for deviation of the experimental data from the probability

curve. The primary purpose of this adjustment factor appears to be correction for

the deviation between the experimental and logarithmic-probabillty distribution in

the larger drop-size ranges. In reference 24, for data from a pressure-atomiZing

nozzle, it was found that a plot of the square root of drop diameter gave a better

straight-llne plot on probability paper than a plot of the diameter to the first

power. In reference 25, for data from an air-atomizing nozzle, the following dis-
tribution function gave satisfactory representation of the experimental data:

_9

o
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where

d drop diameter

m constant

N number of drops counted

Air Atomization

One of the most extensive series of experiments on air atomization was conducted

by Nukiyama and Tanasawa (refs. L5 and 26 to 28). Drop-size distribution and aver-

age drop size were determined for a range of liquid properties, flow comgLitions, and

atomizer sizes and configurations. With the exception of a few scattered tests# all
data were obtained at subsonic air velocities. All tests were conducted with the

atomizer exhausting into room air. Drop sizes were determined by collecting samples

of the spray on small oil-coated glass slides. The experimental results were ex-

pressed in terms of the Sauter mean diameter d32 calculated directly from the data
by the equation

ZdS_
- (lZ)

d32 Zd2Z_N

where ZIN is the number of droplets having diameters between d - An/2 and

d +A d/2. The degree of accuracy of drop-size measurements was estimated to be on

the order of _15 percent.

In reference 263 experiments were conducted using water and a converging air

nozzle as shown in figure I-5(a). The Sauter mean diameter was essentially inde-

pendent of the size of the air and water nozzles for water-nozzle diameters from

0.2 to 1.0 millimeter and air-nozzle diameters from 2 to 5 millimeters. Transition

from laminar to turbulent flow conditions in the water Jet appeared to have little

effect on drop size. The Sauter mean diameter was found to be a function of (1) the

relative velocity U_ between water and air, and (2) the ratio of volume-flow rates

of air and water Qa/Q Z. The volume-flow rate of air was computed on the basis of

the density at the throat of the air nozzle. The relative velocity Ur was cal-
culated from the volume-flow rates and the cross-sectlonal areas at the throats of

the water and air nozzles. Drop size decreased with increasing QJQz. However,

for QJQ_ • 5000, the effect of Q_Q_ became negligible, and d52 was inversely

proportional to the relative velocity.

In reference 27, similar experiments were conducted with water and two atomizers,

as shown in figures I-5(b) and (c). The data covered a range of nozzle sizes and

flow conditions. It was concluded that 3 providing the air velocity is based on the

cross-sectional area of the vena contracta, there is no effect of atomizer configu-
ration on average drop size. Relative position of the water and air nozzles had a

negligible effect on average drop size, even when the water nozzle was well Imto the

vena contracta region of the air Jet. However, at greater distances downstream of

the air jet where lower air velocities would exist, an increase in average drop size

was obtained. The sizes of air and water nozzles were again found to have little

effect on average drop size.
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In referenceL5, the Nukiyama-Tanasawadistribution function (table I-I) was
developedandapplied to data from references26 and 27. For high values of Qa/Q;

and Ur, the values of b and q in this relation were found to have values of 2

and l, respectively# for all nozzles. At low values of either Qa/Q_ or Ur, b = 2
and q < i.

In reference 28, drop-size distributions and average drop sizes were determined

for the nozzle type of figure I-5(c) over a range of atomizer sizes, flow conditions,

and liquid properties. A range of liquid surface tensions G from 50 to 75 dynes

per centimeter, densities 0_ from 0.8 to 1.2 grams per cubic centimeter, and vis-

cosities _ from 0.01 to 0.3 poise were obtained by varying the proportions of an

alcohol-glycerin-water solution. The effects of flow conditions and liquid proper-

ties on average drop size were correlated by the expression

(. (1d52 = 585 _ + 597 000 microns (13)

where the fuel properties have the units given previously and Ur is in meters per

second. The air velocity was calculated by assuming the vena contracta area to be

0.8 that of the air orifice. From this relation, it is seen that, for large values

of Qa/Qz, atomization is a function of only relative velocity, surface tension, and

liquid density. At lower values of Qa/Q_, drop size increases and liquid viscosity
influences atomization.

The experiments of Nukiyama and Tanasawa did not cover the effects of gas prop-

erties on atomization. However, in reference 29# some limited experimental results

are presented which indicate the general effect of gas temperature, viscosity, and
density on median drop size for venturi atomizers. Comparison of data obtained with

nitrogen and ethene as the atomizing gases indicated that at constant gas velocity,

density, and ratio of llquld-to-gas volume-flow rate, a 60-percent decrease in gas

viscosity resulted in approximately the same percentage increase in median diameter.

The effect of gas density on atomization was indicated from comparison of data ob-

tained with nitrogen and helium as the atomizing gases. At constant gas viscosity
and ratio of llquld-to-gas volume-flow rates, a decrease in gas density at the

atomizer throat from 1.18 to 0.169 gram per liter resulted in an approximately two-

fold increase in median drop diameter despite an increase in velocity. Results ob-

tained with an exhaust-gas venturl atomizer indicated that at high liquld-to-gas

volume-flow ratios, improved atomization would be expected with the use of high

atomlzing-gas temperatures. At low ratios of llquld-to-gas volume-flow rates, the

improvement would be small. This result is consistent with trends suggested by

consideration of the Nukiyama-Tanasawa drop-size correlation (eq. (8)) and effects

of increased temperature on fuel viscosity. Heating of the fuel by the high-

temperature atomizing gas would result in lowered fuel viscosity. As indicated by

equation (8), this reduced viscosity would appreciably affect drop size only at the

large ratios of llquid-to-gas volume-flow rates. The effect would be expected to be

greater for liquids having high viscosity indices.

In reference 50, drop-slze measurements were made for the atomization of molten

sulfur in a venturl-type atomizer. A sketch of the atomizer is presented in figure

I-6. The throat had a diameter of 0.25 inch. A flared diverging section was pro-

vided to reduce wall wetting. The air temperature for all experiments was held at
approximately 293 ° F.

For subsonic throat velocities, the Sauter mean diameter d52 in microns was
given by

t_
O
_D
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28,100+ 75 000

d32" Ur (14)

where the volume-flow rate of air was based on conditions at the venturi throat.

The Sauter mean diameter was given in terms of weight flow by

1.5 +W_ a
d32 = 687 (].5)

Wa 0"90

where U r is in feet per second and Wa and W Z are the weight-flow rates of air

and sulfur, respectively, in pounds per hour.

For a limited set of data at sonic throat velocities,

d32 - 29,900 (16)
Wa 1.65

It was suggested that equations (15) and (16) could be applied to other atomizers by

multiplying W a and W_ for the new atomizer by (0.25/dt) 2 where dt is the new

throat diameter in inches.

It was noted that the data at subsonic air velocities were in approximate

agreement with the predictions of the Nukiyama-Tanasawa equation if approximate cor-
rections were made for the effect of air temperature on atomization as found in
reference 29.

Air atomization at sonic air velocities was also studied in reference 16. All

tests were conducted for the atomizers exhausting to room air. Drop samples were

collected by swinging a.transparent, oil-coated plastic slide across the spray. The

drop samples were analyzed by photomlcrographlng the slides and counting the number

of drops contained within 5-micron intervals of drop diameter. Results were expressed

in terms of the volume median drop diameter, that is, the drop diameter that divides

the spray into two groups of equal volume. Three convergent nozzles and one diver-

gent nozzle were tested. The three convergent nozzles were scaled in proportion, as

indicated in figure I-7(a). A sketch of the divergent nozzle is shown in figure
I-7(b).

The results of the tests for water atomization are presented in figure I-8,

where the volume median diameter is plotted against the water-to-air weight-flow

ratio. The atomization was found to be independent of either air pressure or water-

flow rate for a constant value of water-to-air weight-flow ratio. The volume median

diameter increased with increase in nozzle size and water-to-air weight-flow ratio.

The nozzle-size effects were considered to be mainly a function of the air-orifice

size. As indicated in figure I-83 the divergent nozzle produced larger median drop

diameters than the convergent nozzle having the same throat diameter. This result

might be attributed to wall wetting I since the divergent portion of the nozzle had

a small included angle. It is noted that the results of reference 16 are not in

accord with those of reference 30, where it was found that drop size was a function

of air-flow rate as well as the ratio of liquid-to-air welght-flow rates.

Additional tests were conducted with the small convergent nozzle using ethylene

glycol and a mixture of methanol and glycerin. The results are shown in figure I-9j
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wherevolumemediandrop diameter is again plotted against the llquid-to-air weight-

flow ratio. It is seen that use of ethylene glycol, a dense 3 viscous liquid 3 pro-

duced appreciably larger volume median drop diameters than water or the methanol-

glycerin mixture. For purposes of comparison, the properties of the three liquids

at the conditions used are also presented in figure 1-9. On the basis of the results

shown in figure I-9, viscosity is of greater importance than surface tension in the
determln_tion of the median drop size for sonic atomizers.

In figure I-i0, the volume median drop diameter is plotted on log-log paper

against the air-orifice diameter of the three convergent nozzles for several values

of the ratio of water-to-air weight-f_ow rate. From the average value of the slopes

of best straight lines through the data, the volume median drop diameter is approx-

imately proportional to the 0.4 power of the air-orifice diameter.

In reference 2.5, tests were conducted to determine flow characteristics and

drop-slze distribution for a particular design high-pressure air atomizer to be used

with highly viscous fuels in gas-turbine combustors. The general features of the
atomizer are presented in figure 1-11(a). A high rotational speed was imparted to

the air by means of the helical swirler in the inner body. Fuel entered the atomiz-

ing section in a radial direction through a narrow gap formed between the end of the

inner body and the outer casing. This type of design presented the fuel as a thin

film to a high-speed, swirling air stream. Tests were made for two fuel-gap widths

(0.005 and O.OlO in.), air pressures from 20 to lO0 pounds per square inch gage, and

fuel pressures from lO to 50 pounds per square inch gage. All data were obtained

with the atomizer exhausting to room air. Drop sizes were determined by the molten-

wax method, with the wax preheated to simulate fuels having kinematic viscosities

of l0 and ZO centistokes, respectively. In order to minimize effects of changes in

viscosity with cooling on the initial phase of atomization, the supply temperatures

of the atomizing air and wax were held at the ssme value. The experimental drop-

size data were satisfactorily represented by equation (ll). Although the information

obtained was insufficient to determine definite correlations, the data indicated that

average drop size increased with (1) increase in fuel flow, (2) decrease in air flow#

(B) increase in fuel gap# and (4) increase in fuel viscosity. It is noted that the

range of ratios of fuel-to-alr mass-flow rates were appreciably larger (0.8 to >400)

than those investigated in reference 16 (0.1 to 0.9).

In reference 31, additional tests were conducted on a larger version of the

N.G.T.E. alr-blast atomizer of reference 28. A sketch of the larger atomizer is
presented in figure 1-11(b). There is some difference in the general features of the

two atomizers of figure 1-11. However, the actual atomizing sections were considered

to have sufficient geometric similarity to permit some confidence to be placed on

conclusions as to the effect of atomizer size on mean drop size. The experimental

drop-size data were again found to be satisfactorily represented by equation (ll).

In figure 1-12, the data of reference 31 are plotted as the Sauter mean .diameter

against fuel-air ratios for fuel viscosities of 20 and 40 centistokes. An approxi-

mate correlation is indicated. However, it was noted in reference 31 that, at a

given fuel-alr ratio, smaller mean drop sizes were obtained at the higher fuel- (or

air-) flow rates. This trend is in agreement with the results obtained in reference
30.

From comparison of the drop-slze data obtained with the 1/4- and 1/8-1nch-

oriflce-diameter atomizers, it was concluded that mean drop size was approximately

proportional to the square root of the air-orlfice diameter. This is in reasonable

agreement with the data obtained in reference 16 (see fig. I-lO).
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Pressure-Atomlzlng Nozzles

The consideration of pressure-atomizing nozzles in this section is limited to

the centrifugal-type, contlnuous-spray nozzle. This type of nozzle, whloh is widely

used in gas-turbine combustors, can produce well-atomized sprays without the high

efflux velocities and, hence, long penetration distances of the slmple-orlflce noz-

zles such as used in Diesel engines. In addition, its wide dispersion of fuel is

conducive to better mixing of fuel and air.

Unfortunately, much of the experimental work on fuel sprays reported in the

literature has been concerned with the intermittent fuel spray of the Diesel engine.

It is only within recent years that much work has been devoted to the swlrl-type

nozzle as a result of the impetus given by its use in aircraft gas-turblne combus-

tors and for such industrial purposes as spray crying. The two general types of the

fixed-configuration centrifugal pressure-atomizlng nozzle used might be classified

as the grooved-core and the whirl-chamber types. In the grooved-core-type nozzle,

the swirl required for the hollow-cone spray is obtained by using spiral grooves in

the nozzle insert. In the whirl-chsmber-type nozzle 3 this swirl is imparted by

injecting the liquid tangentially into a whirl chamber. The major portion of data

reported on drop-size distribution has been obtained with the whirl-type nozzle.

With the exception of some limited data on the spill-flow nozzle (rers. 32 and 33),

no published data are available for wide-flow-range nozzles such as the duplex and

variable-area atomizers.

It is emphasized that only a few of the investigations have been of such scope

as to offer hope of predicting reasonably accurate atomization characteristics for

nozzles, fuels, or operating conditions other than the particular ones tested.

Appreciably different variation in trends and, sometimes, opposite trends have been

obtained or suggested by different investigators. In addition, all values for aver-

age drop size and spray uniformity for centrifugal atomizers have been obtained for

fuel injected into quiescent air at room temperature and pressure. Under actual

combustor conditions, the fuel spray is generally subjected to a blast of highly

turbulent hot gases covering a range of pressure 3 temperatures 3 and velocities.

Quantitative knowledge of the effect of such variables on fuel sprays from swirl-

type nozzles is lacking. However, some trends may be assumed from results of sev-

eral of the investigations reported in the literature. In general 3 data available

in the literature on fuel sprays is sufficient to give the combustor designer a

rough idea of the spray-atomizatlon characteristics required for fuel-spray-burning

and evaporation-rate calculations.

An extensive study of atomization for centrifugal pressure nozzles operating

with fuel oll was made by Longwell (ref. 34). Drop_slze distribution was determined

by freezing part of the spray and sieving drops into various size groups. The drop-

size distribution data were correlated by the following equations:

0.72 x lO 4 r h eO.70w
(l_)

sin _ pO.Z7

R s - e-O'69Z<_) n (18)
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where

d drop diameter, microns

NACA RM ES4107

dm mass median drop diameter, microns

n distribution constant

P nozzle pressure drop (50 to 500 ib/sq in.)

Rs fractional weight of spray containing drops of diameter larger than

rh nozzle-oriflce radius, cm (0.04 to 1.4)

B spray-cone angle (60 ° to 120 ° )

v kinematic viscosity, cm2/sec (0.08 to 0.8)

d

A plot of the distribution constant is presented in figure 1-15. The distribution

constant is a measure of the weight fraction of the spray contained within a given

range of drop diameters about the most probable drop diameter. Larger values of n

are associated with large fractions of the spray contained within the given drop-slze
range and consequently with a more uniform spray.

Several correlations have been presented that were based on drop-size data ob-

talned by Bowen and Joyce with the molten-wax method (ref. 26). Needham (ref. 52)
obtained the following correlations:

(i) For Joseph Lucas and Company simplex atomizers of optimum cone angle (80 °
to 9OO), pressure drops from 6 to 125 pounds per square inch, flow numbers from 0.5

to 4.1S, and a molten-wax viscosity of 2.2 centlstokes 3

W_ 0"25

- 270 p0.----_mlcrons (19)

where

W_ 0-25

d52 - 182 pO.----_microns (20)

W_ flowratel, ib/hr

size constant in Rosin-Ra_er distribution function (table I-I)

(2) For a limited set of data with a Power Jets Limited spill flow atomizer,

• , . Wl0.5

, " _ " 510 _ microns (21)

w O. 5
d52 _ 560 _ microns (22)

pO. 5

From a dimensional analysis and Z_e correlation based on the Lucas atomizers,
Needham suggested a general relation for particle size given by
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Average drop size
dhO.5 _ 0.45 o0.05

p0.275 0 0.225

where dh is the nozzle-orifice diameter. This relation was not verified

experimentally.

Hopkins (ref. 14) used dimensional analysis to obtain the following dimension-

less relation:

2

x=--f , ,

where

dh orifice diameter

velocity of liquid at orifice

spray cone angle

The Needham correlation (ref. 52) was considered to be a special ease of this rela-

tion. No experimental verification of the relation was given.

In reference 56, the drop-size data for two Monarch nozzles having rated capac-

ities of 5.0 and 17.5 gallons per hour were correlated in terms of the Rosin-

Rammler distribution function. Molten wax) simulating kerosene, was sprayed into

room air. Nozzle pressure drops ranged from 25 to 150 pounds per square inch. Drop

sizes were determined by measuring photographs of representative samples of the

solidified droplets. The final results were expressed by the following equations:

3.O-gallon-per-hour Monarch nozzle,

= 494 p-0.568 microns (25)

d52 = 592 p-0.568 microns (26)

17.5-gallon-per-hour Monarch nozzle,

= 542 p-O.17 microns (27)

d52 m 251 p-O.17 microns (28)

The spray cone angles of the nozzles were not reported.

Bowen and Joyce (ref. 55) obtained correlations based on the complete set of

molten-wax data up to that time. All the data were obtained with the molten wax

having a viscosity simulating that of kerosene (approximately 2.0 centistokes).

The major portion of the data was obtained with Joseph Lucas and Company whirl-type

centrifugal atomizers. The general features of the swirl chambers of these atomizers

are given in reference 37. The following correlations were given:
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log d32,, 2.6164- (0.3712- 0.0258F) log P (29)

where

log _- (2.7008 + 0.02162 F) - (0.3358 - 0.02427 F) log P (3o)

flow number; equals 1.2 times nozzle output in gal/hr divided by square root of

pressure drop in ib/sq in._ usually determined at a nozzle pressure drop of

i00 ib/sq in.

The distribution constant n in the Rosin-Rammler distribution law (table I-I) can
be obtained from the equation

where

r gamma function

The effects of cone angle on atomization were not appreciable for pressure drops

above approximately 30 pounds per square inch. For low pressure drops (approxi-
mately l0 lb/sq in.) and for cone angles less than approximately 75 °, there was a

rapid increase in drop size with decrease in cone angle. Cone-angle effects pre-

dominated in this operating region. Use of the preceding relations for estimates of

atomization in the low-pressure-drop range was recommended only for atomizers of

optimum cone angle. The relations would give too low an estimate of drop size for

narrow-cone-angle atomizers in this region. No estimate of the accuracy of the cor-
relations was given.

In reference 38, the drop-size data considered by Bowen and Joyce (ref. $5) was

reanalyzed using the multiple-regression technique. An equation for the Sauter mean

diameter of the form used by Bowen and Joyce was obtained and is given by

log d32 - 2.6447 (0.3970 - 0.03153 F) log P (32)

This equation gave an accuracy of ±22.9 percent.

The data were also correlated in terms of an equation of simpler form given by

log d32 - 2.6219 - 0.3395 log P + O.1979 log F (33)

This equation gave an accuracy of ±23.3 percent. An additional correlation includ-

ing the effects of cone angle was given by

log _2 = 3.5060 - 0.5853 log P + 0.08171 log F +

0.02331 F log P - 0.01743 8 + 0.00008236 82 + 0.002467 8 log P (34)

B cone angle, deg
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This equation gave an accuracy of ±18.1 percent. Use of this complicated equation

was not considered warranted except under exceptional circumstances.

All the data of Joyce and Hopkins considered in the foregoing correlations were

obtained for a molten-wax viscosity of approximately 2.0 centlstokes. However,
Joyce (ref. 39) has presented a graph giving the results of some preliminary tests

on the effect of viscosity on surface mean diameter. At a nozzle pressure drop of

100 pounds per square inch, an increase in kinematic viscosity from 2 to 18.5 centl-

stokes increased the surface mean diameter from approximately 97 to 140 micror_.

A study of spatial spray distribution, drop-size distribution, and capacity of

centrifugal pressure-atomizing nozzles was reported by Tate and Marshall (ref. 24).

The drop-size distribution data were obtained with grooved-core-type commercial noz-

zles and dyed water. Spray samples were collected in glass-bottom collecting cells

filled with a solution immiscible with water. Drop sizes were determined from a

visual count of photomicrographs of the samples. Mean drop size and spray uniform-

ity were expressed in terms of orifice diameter and calculated tangential and verti-

cal velocities of the sprayed liquid. These velocity components were "superficial

average" velocities, the tangential component being based on conditions Just upstream

of the orifice, and the vertical component on the assumption of a full-flowing ori-

fice. Graphs and equations were presented that permit the calculation of drop-size

distribution for the particular nozzles and operating conditions investigated. A

method was suggested that might permit use of the correlation for whirl'chamber-type

centrifugal nozzles. However 3 no confirmation of this method was given. No data

were obtained to permit estimation of drop-size distribution for liquids other than

water. However, a limited set of data was obtained giving the effect of viscosity

on mean drop size for one grooved-core nozzle operating at constant pressure. When

kinematic viscosity was increased from 1 to 7 centistokes, mean drop size increased

from approximately 54 to 78 microns. The relation of Longwell (ref. 34) for the

effect of pressure drop, orifice diameter, cone angle# and viscosity on mean drop

size did not fit the data obtained in this investigation (ref. 24).

Turner and Moulton (ref. 23) obtained drop-size distribution data for several

commercial grooved-core and whirl-chamber-type centrifugal pressure nozzles. Organic

materials that solidified well above room temperature were sprayed into room air.

The solidified droplets from the entire spray were collected, and a representative

sample was analyzed by visual count under high magnification. Graphs and equations
are presented (ref. 23) that permit calculation of drop-size distribution for the

particular nozzles and operating conditions investigated. Data were obtained over a

limited range of surface tensions and viscosities. The data indicated that mean dro_

size was proportional to (1) surface tension to powers from approximately 0.6 to 1.0,

(2) viscosity to the 0.25 power or less, (3) weight-flow rate to the -0.38 to -0.58

power, and (4) orifice diameter to approximately the 1.5 power. The effect of liquid

density on atomization was not determined. If the correlation is expressed in terms

of injection pressure differential as a variable, the mean drop size would be approx-

imately proportional to the square root of the orifice diameter, a result in agree-
ment with references 32 and 35. The correlations of reference 23 predict surface

tension effects that are appreciably greater than expected (e.g., ref. 39). However,

in reference 40, tests on a swirl-type pressure atomizer indicated that the changes
in surface tension to be found among the various hydrocarbon-type fuels would have

a negligible effect on average drop size. Viscosity was considered to be the domi-
nant fuel property in the determination of fineness of atomization. Since the tests

covered a three-fold change in surface tension, the conclusions of reference 40

appear to be more Justified than those of reference 23, which were based on data for
a very small change in surface tension.



1-20 NACARME54107

In reference 41 some drop-size measurements are reported for hollow-cone and

solid-cone commercial nozzles spraying into room air. Water was used for all tests.

With one exception, the nozzle-pressure drop was 50 pounds per square inch. Spray

samples were collected on greased glass slides _ were photographed and measured

under magnification. Reasonable agreement was found between the observed drop-slze

distribution and values obtained by other investigators (ref. 42) with the same type

nozzles. The results indicated no significant difference in mman drop sizes pro-
duced by the hollow-cone and solid-cone-type nozzles. On the basis of the combined

data for both type nozzles, it was concluded that the mass median diameter was

approximately proportional to the orifice diameter. This would be in agreement with
the conclusion of Longwell (ref. 34). However I it is noted that, if the data were

restricted to those obtained with the hollow-cone nozzles, the mass median diameter

would be approximately proportional to the 0.S power of the orifice diameter, a

result similar to that reported in references 23, 32, and 35.

The major portion of the drop-size distribution data for centrifugal pressure-

atomizing nozzles was obtained by some version of the molten-wax method. In this

method, a wax or other material that melts well above room temperature is sprayed

into room air. By appropriate choice of material and preheat temperature, the
initial viscosity of the sprayed liquid at the nozzle can be set at the desired

value. The droplets freeze in flight and are collected. Drop-size distribution is

determined by the filtration or sedimentation method or by microscopic measurement

of a representative sample (ref. 43). There is some question as to the validity of

data obtained by the molten-wax method. A limited set of data by Longwell (ref. 34)

suggests that this method may give a higher mean drop size than would be obtained by

using the actual liquid the molten wax is intended to simulate. In these tests, two
oils were sprayed into still air. One oll was preheated in order to reduce its

viscosity to that of the less viscous oil. The tests indicated that the preheated

oil gave a higher mean drop size. This was attributed by Longwe11 to the increase

in viscosity of the preheated oil as it was cooled during atomization. A similar
effect would be expected for the molten-wax method.

.O

O
.0

Sunm_xy Comments on Utility of Fuel-Atomlzation Data

For estimates of drop size to be expected with alr atomizers operating at sub-
sonic velocities, equation (13) Is recommended. It is noted, however, that this

relation is limited to the case of air at 77 ° F and atmospheric pressure in the atom-

izing section. Rough corrections for changes in temperature, density, and viscosity
of the atomizing gas may be made on the basis of the data of reference 29.

For air atomizers operating at sonic velocities, the results of references 16

and 31 indicate that average drop size may be approximately correlated in terms of

the ratio of li0uld-to-air weight-flow rate W_/Wa, average drop size decreasing

with decrease in W%_ a. The data of references 16 and 31 indicate that a_erage drop

size is approximately proportional to the square root of the air-orlfice diameter, for

atomizers of similar shape. The data of reference 16 suggest that fuel viscosity
has a greater effect than surface tension for sonic air atomizers. Air atomizers

appear to be a particularly effective means for obtaimdng fine sprays with highly
viscous fuels (20 to 40 centistokes).

The major portion of the drop-size data obtained with swirl-type pressure
atomizers indicates that average drop size is approximately proportional to the

square root of the orifice diameter and to the pressure drop to the -0.4 power. At

constant atomizer size, the average drop size increases with decrease in spray-cone

angle from the optimum value (80 ° to 100°). This increase in drop size becomes more

pronounced at the lower nozzle-presmlre drops.
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For swirl-type atomizers operating with kerosene-type fuels and havln_ oDtlmum

cone angles, equation (33) gives an approximate indication of the average drop size

to be expected. The accuracy and limltationa of the available correlations for drop

size do not appear to warrant their use for more than rough estimates of atomization

for atomizers other than the ones investigated.

The available data indicate that average drop size is approximately proportional

to the fourth root of the fuel viscosity. Insufficient data are available to indi-

cate quantitative effects of fuel surface tension on atomization. In reference 23,

the average drop size was found to be proportional to fuel surface tension to the

0.6 to 0.7 power. However, in reference 40, the surface-tension effects appear to

be minor. Since the ,surface-tension range for most hydrocarbon fuels is quite

narrow, the effect of surface tension on average drop size can probably be neglected.

FUEL EVAPORATION

The evaporation of the atomized fuel is the second major step of the fuel-

preparation process in Jet engines. Both combustor performance and required com-

bustor length are influenced by the rate of vapor formation. A knowledge of how

the spray evaporation process is affected by the alr-flow conditions, fuel-lnjectlon

conditions, and fuel type is therefore important. In this section# the steady-state

evaporation of single drops and sprays into static and dynamic surroundings and into

both low- and high-temperature surroundings is considered. The unsteady-state proc-

ess existing during the initial period of drop evaporation is also discussed.

In addition to rate considerations, the vapor-liquid phase-equillbrium condi-

tions must be included in an analysis of spray evaporation. Although the fuel

injected into Jet engines seldom attains phase equilibrium, the maximum amount of

spray evaporation is represented by such conditions. For low-temperature operating

conditions and for fuels of low volatility, the phase-equillbrium conditions are

important factors to be considered in an evaluation of the fuel spray evaporation

process in Jet engines.

Equilibrium Flash Vaporization

Under some operating conditions and for the lower-volatility fuels, the fraction

of fuel evaporated may be limited to a low value regardless of the time allowed for

evaporation (ref. 44). Such conditions are reached when the vapor concentration of
the fuel-air mixture reaches its saturation value. For multicomponent fuels, the

calculation of this limiting value of percentage evaporated is based on the equilib-

rium flash-vaporizatlon curve, which may also be used to estimate conditions re-

quired for partial or complete vaporization of fuel in the fuel - lubricating-oll

heat exchanger.

For fuels having known constituents, the equilibrium flash-vaporization curve

at a given pressure and temperature may be calculated by simultaneous solution of
material balance equations and equilibrium relations for the individual constituents.

Such a calculation procedure might be applied to the case of petroleum fractions by

assuming the fuel to be composed of a finite number of individual constituents.

However, such methods are generally impractical for petroleum fractions, and re-

course has been made to empirical correlations that permit estimation of the equilib-

rium flash-vaporizatlon curve from distillation curves. In references 4S aad 46,

graphs are presented that relat_ the atmospheric equilibrium flash-vaporization

curve to the true boiling point and the A.S.T.M. analytical distillation curves.

Two methods are available for correcting the atmospheric equilibrium flash-

vaporization curve to other pressures. For vapor pressures below and slightly above
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atmospheric pressure, the flash-vaporization curve is assumed to shift parallel to

itself. The shift is based on a particular point on the atlaospheric flash-

vaporization curves, which is treated as a pure compound on a vapor-pressure chart.

In reference 45, the base point is taken as the intersection between the atmospheric

flash and distillation curves. In reference 47 the base point is taken as the 40-

percent-vaporized point on the atmospheric flash-vaporization curve. For correction

of the atmospheric flash-vaporization curve to higher pressures, the recommended

procedure is based on the construction of a phase diagram on a Cox-type vapor-

pressure chart (refs. 45 and 47).

In order to relate initial and final conditions for the cases of evaporation
with or without the presence of air, _he energy equation is applied, assuming an

adiabatic mixing process. If kinetic energy is neglected, the energy equation is

given by

hl'a (l-x) + h ,f, (35)hl,f,_ +_= _,f3_ v f

where

f fuel-air ratio

hl, a enthalpy of air prior to vaporization

hi,f, ; enthalpy of fuel prior to vaporization

h2, a enthalpy of air at end of vaporization

h2:f, _ enthalpy of liquid fuel at end of vaporization

h2,f, v enthalpy of vapor fuel at end of vaporization

x fraction of fuel vaporized

For petroleum fractions, the enthalpies required in the use of the energy equations

may be estimated from empirical relations available in reference 45.

From Dalton's law, the fuel vapor pressure Pf_v, ambient pressure p, and

fraction of fuel vaporized may be related by
/

P l+xf_

where Mf an_ Ma are the molecular weights of the fuel vapor and air, respec-

tively. Fro_ _hations (55) and (56) and the equilibrium flash-va_orization curves,
the final temperature and percentage of fuel vaporized may be related to the fuel-

air ratio_ the total pressure, and the inlet temperatures of the fuel and air.

Within the specification limits of Jet fuels, there may be rather wide varia-

tions in the A.S.T.M. distillation curve. These variations are refAec_ed in the

equilibrium flash-vaporization curves and, consequently I may result in appreciable

changes in the conditions required to obtain various degrees of flash vaporization

in the combustor or heat exchanger. In order to illustrate the effect of fuel

O
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variations on flash vaporization, the preceding calculation procedures were applied

to the A.S.T.M. distillation curves for JP-4 fuel presented in figure 6(c) of ref-

erence 48. This figure is reproduced in figure 1-14. The atmospheric equilibrium

flash-vaporization curves corresponding to the three A.S.T.M. distillation curves of

figure 1-14 were calculated by the method of reference 45. The fuel vapor pressures

and the temperature-enthalpy curves corresponding to the three fuels were also cal-

culated by the method of reference 4S.

In figure 1-15_ the percent fuel evaporated is plotted against the inlet air

temperature for several values of ambient pressure and a fuel-air ratio of 0.06.

The curves were calculated from equation (55), assuming the inlet temperatures of

fuel and air to be equal. It is seen that inlet air temperatures on the order of

250 ° F are required to achieve complete vaporization of the fuel. At lower air

temperatures, the limitations imposed by equilibrium considerations would have a

pronounced effect on the vaporization rate. The limitations could result in appre-

ciable differences between actual evaporation rates and those calculated on the basis

of the common assumption of zero fuel vapor pressure in the atmosphere surrounding

individual drops.

Drop Evaporation into Static Surroundings

Drop evaporation theory. Steady-state evaporation from drops into static

surroundings provides a simple illustration of the principles involved in evapora-

tion over wide ranges of conditions. The evaporation rates so determined may be

applied to conditions of low relative velocity between the fuel drops and the air

stream in combustors. The assumed physical model is shown in figure 1-16. Vapor at

the saturation pressure for the drop-surface temperature diffuses to the surrounding

atmosphere. The drop-surface temperature is at a value below that of the surroundings

such that heat is transferred to the drop at a rate which is Just adequate to supply

the necessary heat for the evaporation.

The evaporation rate of the droplet can be expressed in terms of either mass-

or heat-transfer equations. In the derivation of these equations_ it is assumed

that a quasi-stationary state exists such that the vapor concentration and tempera-

ture gradients around the drop are, at every instant, those corresponding to equilib-

rium values for the existing drop size. This assumption has been shown to be correct
to a high degree of approximation in reference 49. It is also assumed that the tem-

perature in the drop interior is constant at its equilibrium value. For the condi-

tion of spherical symmetry, the differential heat- and mass-transfer equations for a

spherical surface at a distance r from the drop center are given by

where

d-_" H + cp, v (T - TO Xm 4_r 2 drd-_T (57)

dmdt" DvPMv4_r2RT drd Elnql - Pf3V)_p (58)

Cp,v

Dv

specific heat of diffusing vapor

diffusivity of diffusing vapor in air

H latent heat of vaporization at drop-surface temperature
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M v molecular weight of diffusing vapor

dm

dt
evaporation rate of drop

p ambient pressure

Pf,v v_por pressure of diffusing vapor

R universal gas constant

r radial distance from drop cent@r

T temperature

To drop-surface temperature

wm thermal conductivity of vapor-air mixture

In equation (57), the term Cp,v (T - To) represents the enthalpy change of the fuel

vapor between the drop surface and the surface considered. This relation equates
the heat transferred by mass movement of the vapor to that transferred by thermal

conductivity. Equation (58) is the application of the Stefan diffusion equation
(ref. 50) to drop evaporation.

For evaporation in static surroundings, these equations are integrated between
the drop surface and infinity to obtain the following equation:

_= Cp,v in + Cp,v n (39)

" RT _n - (40)

where

Pf, v,o vapor pressure of diffusing vapor at drop surface

temperature at an infinite distance from drop

For these integrations 3 Cp,v, x_ and Dv/T were assumed independent of tempera-

ture, and represent mean values between the drop surface and the surroundings. The
vapor partial pressure in the surrounding atmosphere was assumed to be zero for the
integration of equation (58).

Evaporation into low-temperature surroundings. - For evaporation into low-
temperature surroundings where t_e sensible heat change of the va_or between the

drop surface and surroundlngs is small coasted with the latent heat of vaporization,
equation (57) reduces to the following relation:

am Z"_md

= -I-- (_ - To) (41)
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This equation is similar in form to that of simple heat transfer to a sphere in

quiescent surroundings. Similarly I for evaporation where the vapor pressure at the

drop surface is small compared with the total pressure, equation (40) reduces to

_m Z,D_
d-_,= R---_ d (Pf,v,o) (42)

This relation is the Langmuir equation (ref. 51). Equations (41) and (42) are of

similar form, illustrating the analogy between heat and mass transfer. Equation (42)

has been experimentally verified with drops of several relatively low-volatility

liquids evaporating into low-temperature surroundings (refs. 52 to 56). The equation

was found to be valid at total pressures near atmospheric.

From equation (42), the drop-evaporation rate per unit drop-surface area is

inversely proportional to the drop diameter. In addition, this rate is inversely

proportional to pressure as determined by the pressure dependency of the diffusion

coefficient. Therefore, for sufficiently small drops or low total pressures, the

evaporation rate per unit area as obtained from equation (42) becomes greater than
the theoretical maximum evaporation rate in a vacuum, as determined by gas kinetics

(ref. 57). The maximum evaporation rate for a drop evaporating isothermally in a

vacuum is given by the following equation:

dm _M d2_
v v (43)

d-_ = RT Pf, v,o

where

_v mean molecular velocity of vapor

accommodation coefficient

The accommodation coefficient represents the fraction of vapor molecules which con-

dense as they strike the liquid surface.

The case of evaporation of very small drops was treated theoretically by Fuchs

(ref. 58). In this analysis, diffusion was considered to start at a distance approx-
imately one mean free path from the drop surface. The drop-evaporation rate accord-

ing to this model is described by the following equation:

2_DvMvdPf _vIo

dm N RT (44)
dt 2D v d

where

distance between drop surface and surface where diffusion is assumed to start

For drop diameters large compared with ,, this equation reduces to the Lamgmulr

equation. For very small drops I the second term in the denominator approaches zero,

and the evaporation rate approaches that of a drop evaporating in a vaauum as given

by equation (43). Similarly, for the larger elze drops, thls theoretical maximum

evaporation rate is approached at sufficiently low pressures where , again Is

large compared with the drop diameter.
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This theory has been verified experimentally at low pressures (refs. 59 to 61).

Evaporation rates of dibutyl phthalates butyl stearatet and stralght-chain paraffin

hydrocarbon drops approximately 500 microns in diameter were determined over a range

of temperature from 60 ° to i08o F an_ at pressures down to 0.i millimeter of mercury

absolute. However, for most appllcations I the use of equation (44) is not necessary.

At atmospheric pressure, the effect predicted by Fuchs would be negligible for drops

larger th_n I micron.

Other factors which affect predicted values of drop-evaporation rate are the

drop surface tension and free convection. The correction for the effect of surface

tension on the saturation vapor pressure of the drop has been shown to be insig-

niflcant for drops larger than I micron (ref. 59). For evaporation in low-

temperature surroundings s the influence of free convection on the experimental

results is also minor, if the drop diameters and containing vessel are small

(ref. 55).

Ev_oration into high-temperature surroundings. - Drop evaporation into high-
temperature static surroundings has not been studied extensively. Most of the

applicable experimental work in this region has been done with single burning drops

in quiescent atmospheres. The burning drop has been considered theoretically as a

special case of evaporation, where the heat for vaporization is supplied from a

burning zone surrounding the drop.

For the high-temperature evaporation case of burning dropsj the heat-tranbfor

equation is used. The drop surface temperature is assumed to be that of the fuel

boiling point at the given total pressure. The error involved in this assumption

is minor because of the large temperature differences. A detailed discussion of the

burning of single drops, together with the available experimental data, is pre-
sented in chapter VII.

The sensible heat change of the diffusing v_por may be large compared with the

latent heat of vaporization for evaporation into high-temperature surroundings.

Consequently, serious errors in the drop-evaporation rate may result if this enthalpy
term is neglected. In figure 1-17, the ratio of the evaporation rate predicted by

the simple heat-transfer equation to that predicted by the equation accounting for

the fuel vs_or enthalpy is plotted for isooctane and water droplets evaporatin_ in

quiescent surroundings at various temperatures. A large difference between the two

rates is obtained with isooctane drops at the higher temperatures. The effect is

much less with water droplets since water has a high latent heat of vaporization.

Drop Evaporation under Forced Convection

Drop evaporation under forced-convection conditions differs from evaporation

into quiescent surroundings in two important respects. The assumptions of infinite

film thickness and spherical symmetry are not applicable to the case of drop evapora-
tion into moving fluids.

As is shown in figure 1-18, the local transfer rates change over the drop sur-

face. In this figure, local transfer rate expressed as a fraction of the transfer

rate at the forward stagnation point is plotted against the angle from the forward
stagnation point. These data were obtained by FrSessling (ref. 6S) for the sublima-

tion of a naphthalene bead. From boundary-layer considerations s the local transfer

rate would be expected to be a maximum at the forward stagnation point and decrease

gradually to a minlmum at the separation point. The data of figure 1-18 appear to

follow this type of change. Ranz and Marshall (ref. 65) determined the temperature

profile around an evaporating water drop. These measurements also indicate a grad-

ual decrease in the local transfer rate from the maximum value at the forward stag-

nation point.
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Correlationsof the drop-evaporationrate underforced-convectionconditions
neglect the changesin the local transfer rate and use an average value for the
entire sphere. The total drop in either temperature or partial pressure of diffusing

vapor is assumed to take place across a stagnant film. These correlations are based
on heat-transfer as well as mass-transfer relations. For the case where the drop

temperature is at its equilibrium value, the heat- and mass-transfer equations gener-

ally used are, respectively, as follows:

_%d _,T6 - To) Nu (45)
d-_" H

dm _DvMvpd (Pf,v,o - Pf,v,g) Nu'

d-_" RT PBM

(46)

where

Nu Nusselt number for heat transfer

Nu' Nusselt number for mass transfer

PBM

Pv,g

Tg

logarithmic mean pressure of nondlffusing gas

partial pressure of diffusing vapor in fluid stream

temperature of fluid stream

Heat-transfer correlations. - Several theoretical treatments of the heat trans-

fer to spheres in fluid streams have been reported. Johnstone, Plgford, and Chapin

(ref. 64) assumed that the velocity of the fluid around the sphere is tangential to

the surface and equal to the approach velocity. For Reynolds numbers greater than

200, the resulting equation is

NU- 0.714 (Re)i/2 (pr)i/2 (471

where

Cp_g

Pr

Re

specific heat of surrounding fluid

Prandtl number, Cp_g_g/Xg

Reynolds number# dUrOg/Ug

Ur

_g

Pg

velocity of fluid stream relative to the sphere

thermal conductivity of surrounding fluid

viscosity of surrounding fluid

density of surrounding fluid

For Reynolds numbers approaching zero# the solution for thls model results in a

limiting Nusselt number equal to 2, as is required for heat transfer from a sphere

into static surroundings.

Drake, Saner, and Schaaf (ref. 65) followed the assumptions described in ref-

erence 64# but used a different method for obtaining the solution. For Reynolds
numbers below 1000# the two solutions differ. Kudryashev (ref. 66) also obtained an
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analytical solution basedon the thermalboundarylayer. Thevaluesof Nusselt
numberpredictedby the various theoretical treatmentsare comparedin figure 1-19
overa rangeof Reynoldsnumbersfrom50 to 2000.

An extensive survey of published data on heat and mass transfer to spheres was
described by Williams (ref. 67). The suggested empirical correlation of the heat-

transfer data is given by the following equation:

Nu- 0.57 (Re) 0"6 (pr)i/3 (48)

In the range of Reynolds numbers less than 10003 the data showed considerable

scatter. This range was recently investigated by Tang, Duncanj and Schweyer (ref.

68). In this study, heat-transfer rates for steel spheres in air streams were

determined. The resulting correlation is as follows:

Nu - Z.1 + 0.37 (Re)I/Z (49)

A similar investigation has been described by Kramers (ref. 69).

Ranz and Marshall (ref. 65) determined the evaporation rates of suspended water
and benzene drops over a range of Reynolds numbers from zero to 200 and at air tem-

peratures from 80 ° to 400 ° F. For evaporating water drops, the data were correlated

by the following relation:

Nu = 2.0 + 0.6 (Re)i/2 (pr)i/5 (50)

Ingebo (ref. 70) determined evaporation rates of nine pure liquids in air

streams having temperatures ranging from approximately 80 ° to lO00 ° F. A liquid

drop was slmulatedby means of a wetted cork sphere having an average diameter of
0.69 centimeter. Reynolds numbers ranged from 1600 to 5700. Nusselt number was

correlated in terms of Reynolds number 3 Schmidt number, and ratio of thermal con-

ductivity of the air and the diffusing vapor. In a later report (ref. 71) data were

obtained in air for static pressures from approximately 1/2 to 2 atmospheres. The

majority of these experiments were conducted at room temperature. In order to ex-

tend the correlation, an additional limited set of data was obtained for evaporation

into streams of helium, argon, and carbon dioxide. The final correlation (ref. 71)
is given by

Nu = 2.0 + 2.58 (10) 6 eSc' [\Xv / ] (51)

where

bg,w mass diffusion coefficient, PMvDv/RT

root mean square molecular velocity of surrounding fluid

D v diffusion coefficient

d drop diameter

g gravitational constant

mean free molecular path of surrounding fluid

Mv molecular weight of diffusing vapor

_9

t_
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R

ReSc'

T

Ur

V

gas constant

dUrPg/bg,w

temperature

velocity of gas stream relative to drop

thermal conductivity of diffusing vapor

In equation (51), p_ is evaluated at the bulk temperature of the surrounding

fluid. The thermal conductivity terms and bg,w are evaluated at the average tem-

perature between the drop surface temperature and the fluid bulk temperature. The

terms $ and _ are evaluated at the (Lrop surface temperature.

In figure 1-20, a comparison of the various predicted and experimental data for

heat transfer to spheres in air is presented. The Prandtl number of _he Ranz and

Marshall (ref. 65) and Williams correlations (ref. 67) is that of dry air. in the

correlation of reference 70, Sc' and the ratio Xg_v were assumed equal to unity.

The correlation factor g_/_2 was calculated for air.

Another investigation of drop evaporation in high-temperature air streams was

reported by Gohrbandt (ref. 72). The evaporation rate of camphor spheres was deter-

mined over a range of Reynolds numbers from iO0 to 2000 and air temperatures from

about 85 ° to 950 ° F. The evaporation rate was found to be proportional to the drop

diameter and the square root of the Reynolds number.

Mass-transfer correlations. - A theoretical approach to mass transfer for

spheres in moving fluids was described by Johnstone and Kleinschmidt (ref. 75). In

this analysis, it was assumed that the sphere contacts a cylindrical tube having an

inner diameter equal to that of the sphere and a thickness equal to the distance a

diffusing molecule could travel in the time the sphere moves 1 diameter. Increasing

the relative velocity between the sphere and surrounding gas decreases the available

diffusion time and, therefore, the thickness of the i_glnary tube. All molecules

contained within the tube are considered to be absorbed. The Nusselt nvmber for

mass transfer obtained from this approach is

Nu = (p /p)l/2(Re)l/Z(sc)l/Z (sz)

where

PBM log mean pressure of surrounding fluid

Sc Schmidt number, _g/pgD v

Use of the diffusion equation in correlations of drop-evaporation data is

limited to evaporation in relatively low-temperature surroundings, since this equa-

tion is very sensitive to experimental errors in the drop surface temperature at the

higher surface vapor pressures. However, several mass-transfer correlations for the

evaporation rate of droplets in room-temperature air have been reported.

Williams (ref. 67) correlated the mass-transfer data of. Froessllng (ref. 62),

Johnstone and Williams (ref. 74), Powell (ref. 75), and Mclnness (see ref. 67). The

recommended equations for the mass-transfer Nusselt number are as follows:
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Nu' - 1.5 "'(Re)0"55 "/[Sc)I'5 5 < Re< 400
fS3)

Nu' - 0.45 (Re)0"56 (Sc)i/5 400< Re< i05

MaiselandSherwood(ref. 76) reporteddataon the evaporationof waterandof
benzenefrom porousspheres. Thedata for waterwerein goodagreement_ith equa-
tion (55). Deviation of the data for benzenewasattributed to incomplete_retting
of the sphere.

Froessling (ref. 62) correlateddata for evaporationof water, aniline, naph-
thalene, andnitrobenzeneinto air streamsat roomtemperature. Thedatawereob-
tained over a rangeof Reynoldsnumbersfrom 2.4 to 750. This correlation maybe
written in the following form:

Nu' - 2 + O.55(Re)I/2 (Sc)1/_ (54)

Themass-transfercorrelation of RanzandMarshall (ref. 65) is as follows:

Nu, = 2 + 0.60 (_e) 1/2 (Sc) 1/5 (55)

This correlation is of the same form as their heat-transfer correlation_ but with

the Prandtl number replaced with the Schmldt number. In reference 65 it is illus-

trated that the data of FrSessli1_ (ref. 62) and of Malsel and Sherwood (ref. 76)

agree closely with this correlation.

Another correlation on drop evaporation has been described by Kinzer and Guam

(ref. 77):

Nu' = 2 + 0.564 F v (Re) I/2 (Sc)i/2 (56)

where F v is the ventilation factor. This equation was used to express evaporation-

rate data obtained for water drops falling freely at their terminal velocities

through air at room temperature. Drops with diameters from 20 to 4200 microns were

studied. Application of the experimental data to equation (56) indicated t_at the

ventilation factor Fv varied from zero to a value greater thaau 2 in the range of

Reynolds numbers smaller than I00. For Reynolds numbers greater than I00, F "_as

approximately equal to 1. As noted in reference 77, the water drop evaporation data

for the higher Reynolds number range would be adequately correlated by equation (54)

if the constant were reduced from 0.55 to 0.505. This represents a difference in

the calculated Nusselt number of approximately 7 percent for Reynolds numbers from
i00 to 750.

_0

Unsteady-State Drop Evaporation

The final case of slngle-drop evaporation to be considered is that of unsteady-

state evaporation. Here, the initial drop temperature is above or below its equilib-

rium value and consequently changes with time. Both theoretical and experimental
work has been reported for this case.

Topps (ref. 78) studied evaporation rates of small drops falling through a

hlgh-temperature atmosphere. Initial drop diameters ranged from approximately 500

to 850 microns. The results for this rather narrow range of drop diameters indi-

cated that the evaporation rate varied approximately as the 4.5 power of the initial

drop diameter. This large reduction in evaporation rate with decrease in initial

drop diameter was attrlbutedby Topps to the conduction of heat to the drop interior,

which reduced the heat available for evsmoration o£ the smaller drops.
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Kinzer and Gunn (ref. 77) have described an investigation of the time-rate of

change in the average temperature of falling water drops. A simplified theoretical

expression was obtained for the time required for the drops to reach 63 percent of

the equilibrium-temperature difference. Thermal conductivity of the drop interior

was assumed to be infinite. Satisfactory agreement was found between the predicted

and experimental values.

Recently, E1 Wakil, Uyehara, and Myers (ref. 79) described an analytical study

of the unsteady-state evaporation of pure liquid drops for conditions similar to

those existing in jet-engine combustors. In this analysis, the thermal conductivity

of the drop interior was also assumed to be infinite. Motion pictures of the cir-

culation of metallic powders within the evaporating drops disclosed appreciable

internal circulation currents and indicated that the assumption of infinite thermal

conductivity is substantially correct. Temperature-time, mass-time, and penetration-

time histories were calculated for drops evaporating in air. This type of calcula-

tion involves the simultaneous solution of the heat-transfer 3 mass-transfer, and

drop-motion equations.

A typical set of results is presented in figure 1-21. In this figure, percent

evaporated, relative velocity, and drop temperature are plotted against time in

milliseconds. The calculations are for an isooctane drop having an initial diameter

of 50 microns, initial temperature of SO ° F, and initial velocity relative to air of

i@0 feet per second. The air was assumed to be at a pressure of 1/2 atmosphere and

at a temperature of i000 ° F. For this fuel, the amount of heat going to the drop

interior far exceeded that supplying latent heat of vaporization during the major

portion of the unsteady-state period. Calculations of this type indicate that, at

high air temperatures and for high-volatility fuels, the unsteady-state period rep-
resent_ a large part of the vaporization time.

Additional Drop-Evaporation Considerations

Ranz and Marshall (ref. 63) have investigated the evaporation rate of water

drops containing dissolved and suspended solids. For drops containing solids in

solution, the initial evaporatlon rates were those to be expected for saturated

solutions even though the average concentrations in the drops were below the satura-

tion value. For drops containing solids in suspension, the initial drop-evaporation
rates were those corresponding to pure water.

The contribution of radiant energy in the evaporation of liquid drops was ana-

lytically investigated in reference 80. The results of this study demonstrated that,

under the conditions normally encountered in jet-engine combustors 3 the transfer of

radiant energy to the fuel drops is negligible unless solid particles are added to

the fuel to increase its emissivity.

In references 81 and 823 equations are presented to determine the time required

for complete vaporization of liquid drops injected into gaseous streams. In these

analyses, the relations describing the drag forces are combined with the heat-

transfer equations. During the acceleration period_ preheating of the drop is

assumed to occur. No vaporization is assumed to occur until the drop reaches

stream velocity. The drop-evaporation-rate relations used in these treatments 2

therefore, correspond to that of a drop evaporating in still air.

An investigation of the effect of turbulence on the evaporation of water from

spheres has been reported by Maisel and Sherwood (ref. 85). The influence of both

scale and intensity of turbulence were studied. The results indicate that increased

turbulence intensity influences the buffer and laminar layers where most of the
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resistance to diffusion is located and therefore increases the evaporation rate.

The scale of turbulence affects only the eddy diffusivity in the fully turbulent •

region, which represents a small fraction of the total resistance to diffusion.

Thus, increasing the scale of turbulence does not appreciably influence the evapo-
ration rate.

Drop Surface Temperature Determination

Drop-evaporatlon rates are treated in terms of either heat-transfer or mass-

transfer relations. The use of either type of equation requires an accurate knowl-

edge of the drop surface temperature. For steady-state evaporation, this tempera-

ture is the wet-bulb temperature. Psychrometric data for some vapors, in addition

to that for water 3 are available in reference 84.

A correlation of drop surface temperature data in terms of the normal boiling

point of the evaporating liquid is described in reference 70. This equation may be
written as follows:

Ta3 w- Ta - 0.80 Tbp + 75 (57)

where

T a temperature of air into which the liquid is evaporating, °C

Ta, w air temperature at which water has same drop surface temperature as given
liquid, °C

Tbp normal boiling point of evaporating liquid, °C

The term Ta, w is ccmmputed from equation (57) and the wet-bulb temperature for

water corresponding to Ta, w is determined from a psychrometric chart. This wet-

bulb temperature is equal to the drop surface temperature of the evaporating liquid.

The data for this correlation were obtained with nine pure liquids and at a total

pressure equal to atmospheric and with air temperatures from 80 ° to 675 o F.

The drop surface temperature may also be determined from a simultaneous solution

of the appropriate heat- and mass-transfer equations. This approach was employed in

references 65 and 85 for the case of drop evaporation under forced-convection con-
ditions. In these treatments, Nusselt number correlations for heat and mass transfer

were used to express the influence of the forced convection on the drop-evaporation
rate.

p_

Recommended Drop-Evaporation Relations

Either heat-tranafer or mass-transfer equations may be used to predict drop-

evaporation rates. For evaporation in high-temperature surroundings, however, the

heat-transfer equation is preferred because of the sensitivity of the vapor-pressure

term in the diffusion equation at the higher surface vapor pressures. For evapora-

tion in very-high-temperature surroundings, drop-evaporation rates may be predicted

by using the heat-transfer equation and assuming the drop surface temperature to be

at the liquid boiling point for the given total pressure.

Drop-evaporation rates in quiescent surroundings may be obtained by use of

equations (59) and (40). Equation (_9) may be used in the simplified form of equa-

tion (41) for evaporation in low-temperature surroundings. Equation (40) may also

be used in the simplified form of equation (42) for low-volatility liquids.
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For evaporation under forced-convectlon conditions and low-temperature surround-

ings, equations (45) and (50) have been shown to give accurate predictions of drop-

evaporation rates. For evaporation into high-temperature fluid streams, equation

(51) should be employed.

o

C_

EVAPORATION OF SPRAYS

Theory

Extension of slngle-drop data to sprays is difficult, since both drop-size dis-

tribution of the spray and relative velocities between the air and drops must be

known. In addition, there are such complicating factors as drop distortion, unsteady-

state evaporation, and interaction between drops.

Several theoretical analyses of spray evaporation have been made by using single-

drop relations in conjunction with assumed drop-size distributions. One such analysis

is that described by Probert (ref. 17). In this treatment, all drops were assumed to

have zero relative velocity with respect to the air. The spray was assumed to follow

the Rosln-Rammler distribution equation (ref. 18). The evaporation rate of the single

drops was defined by an equation similar to that of Langmuir (ref. 51). With this

analysis, the fraction of unevaporated spray after a given period of time was cal-

culated but was not checked experimentally.

Another theoretical treatment of spray vaporization has been presented by

Tribus, Klein, and Rembowski (ref. 86). Zero relative velocity between the air and

droplets was assumed. The spray-evaporatlon rate in this analysis is expressed in

terms of the wet-bulb depression of the injected liquid. It is shown that, given an

initial drop-slze spectrum, successive spectra may be deduced by calculating the

variation in drop size of the largest drop and relating all other drop sizes to

this maximum.

Experiment

Because of the lack of experimental data on both drop-size distribution and

relative velocity between drops and air, it is generally impractical to apply

evaporation-rate relations for single drops to spray evaporation. Some attempts to

measure directly the spray-vaporlzatlon rate in air streams have been made. An

investigation of this type has been described by Fledderman and Hanson (ref. 87).

The influence of turbulence and air velocity on the spray-vaporization rate was

studied. A theoretical analysis of spray vaporization was also included in this

study. FrSessllng's equation for single-drop evaporation (ref. 62) was combined

with the drop-size distribution equation of Nukiyama and Tanasawa (ref. 15). The

resulting expression, however, is very complex.

The experimental measurements were obtained by sampling hexane sprays at vari-

ous distances downstream of a hollow-cone spray nozzle. The percentage of evaporated

spray was determined over a limited range of air velocities. The results indicated

a strong dependence of evaporation rate on the relative velocity between the drops

and the air stream. Increased turbulence intensity was also found to increase the

spray-vaporization rate. The test results, however, did not provide conclusive

information on the effect of scale of turbulence on the evaporation rate.

The results of a few measurements of the evaporation rate of kerosene sprays in

essentially still air have been reported by Sacks (ref. 88). In this program, kero-

sene was injected from a swirl-chamber fuel nozzle at pressures of 50 and 80 pounds

per square inch. Over this range of conditions, 0.2 to 0.3 percent of the spray

was found to evaporate per second, compared with a value of approximately 50 percent
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per second as calculated by using the Langmuir equation (ref. 51) and the relation

of Probert (ref. 17). This large difference between predicted and experimental
values was attributed primarily to the inability of the Langmuir equation to predict

evaporation rates for single drops when in a cloud of drops.

The evaporation of fuel sprays in high-velocity air streams has also been
discussed in reference 89. In this investigation, the fuel was injected contra-

stream from a simple orifice, and the evaporation rates were determined by sampling

the sprays.. The influences of air temperature, air velocity, ambient air pressure_
fuel temperature, and axial distance from the fuel orifice on the percentage of spray

evaporation were investigated. In most of these measurements, a hydrocarbon fuel
with a narrow boiling range of 317 ° to 346 ° F was used.

A study of the effect of the air-flow and fuel-lnjectlon parameters on the

evaporation of gasollne-type fuel sprays has recently been reported in reference 90.

This program was conducted by injecting isooctane contrastream from a simple orifice

into air flowing through a duct 8 inches in diameter. Both the total-fuel and

liquid-fuel distribution across the test duct were determined by sampling
measurements.

The measurements were made over ranges of air temperature, air velocity, air

pressure, fuel-injection pressure, fuel-oriflce size, and axial distance from the

fuel orifice. These ranges and the resulting correlation of the measurements are

illustrated in figure 1-22. The measurements were correlated by the following

expression:

x . 9.3s (p) (P) (z) (se)
i---_ U\lOOO/ kiD-d/

where

P fuel-injection pressure drop, ib/sq in.

p air pressure, in. Hg abs

Ta air temperaturej OR

Ua air velocity, ft/sec

x fraction of spray evaporated

z axial distance from fuel orifice, in.

The relative effects of the variables on the spray-evaporation rate are indi-

cated by the exponents. The large influence of air temperature is evident. In

comparison, the effects of the other variables are minor. The evaporation rate was

essentially unaffected by changes in the diameter of the fuel orifice.

SIGNIFICANCE OF A_u-DMIZATION AND EVAPORATION RESEARCH IN APPLICATION

TO JET-ENGINE DESIGN

The two general types of fuel-atomlzing system considered for gas-turbine or

ram-Jet application are the air atomizer and the centrifugal pressure-atomizlng

nozzle. Of the two systems 3 the air atomizer is capable of producing much smaller

average drop sizes. The air atomizer has also been considered for the atomization

of highly viscous fuels.

A correlation (eq. (i_)) is available for a venturi-type air mtomlzer. However,

no data are available for atomization under the hlgh-turbulence-level conditions
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found in ram-jet-type installations. If used as a rough first estimate of drop size

for a ram-jet installation, equation (13) would probably give a somewhat larger

average drop size than the actual value. Equation (13) was obtained for air at

approximately room pressure and temperature. Rough estimates of drop size for other

gas conditions may be obtained from the data of reference 29, which indicate that

average drop size increases with a decrease in gas density, viscosity, and

temperature.

The experiments on sonic-velocity air atomizers indicate that the average drop

size is a function primarily of the ratio Wz/W a of llquld-to-alr mass-flow rates,

the average drop size decreasing with decrease in WI/W a. Sauter mean diameters

below lO0 microns were obtained, even for an initial liquid viscosity of 40 centi-

stokes (see ref. 31 and fig. 1-12(b)). The data of references 16 and 31 indicate

that the average drop size is approximately proportionaI' to the square root of the

orifice diameter for atomizers of similar geometry.

The major portion of drop-size data for centrifugal pressure-atomlzing nozzles

has been obtained for flxed-configuration nozzles by use of some version of the

molten-wax method. Correlations have been obtained (eqs. (29) to (34)) that

permit rough estimates of atomization for fixed-configuration, whlrl-chamber-type

nozzles over a range of nozzle sizes and operating pressures. However, these cor-

relations were for molten wax simulating kerosene and having a kinematic viscosity

of approximately 2.0 centistokes. Data of references 23, 34, and 38 indicate that

average drop size generally increases rather slowly with increase in viscosity. In

reference 23, mean drop size was found to be proportional to viscosity to the 0.25

power or less. A limited set of data in reference 23 indicated that mean drop size

was proportional to surface tension to powers from approximately 0.6 to unity.

However, data of reference 40 for a wide range of surface tension indicate that the

effect of surface tension on average drop size is minor. Since the range of surface

tension covered by hydrocarbon-type fuels is quite narrow# it would appear that the
effects of surface tension on the atomization of such fuels can be neglected.

Data of reference 36 show that there is an optimum cone angle which gives the

smallest average drop size for a given nozzle size 3 operating pressure3 and fuel.

This optimum cone angle is generally between 80 ° and 90 °. At low nozzle-operating

pressures, the cone angle exerts a predominant influence on average drop size. In

this operating range, there is a large increase in average drop size as the cone

angle is decreased from its optimum value.

All drop-size data for the centrifugal pressure-atomlzing nozzles were obtained

for the nozzles spraying into quiescent room alr. Accordlngly 3 estimates of average

drop size obtained from these investigations would be higher than the actual values

for a turbojet installation where fuel is sprayed into high-temperature, turbulent

gases.

The effect of various ambient conditions on the steady-state evaporation of

pure liquid drops may be readily predicted. Little work has been done on the evap-

oration of multicomponent liquid drops. The unsteady-state period of drop evapora-
tion has also been investigated (refs. 77 to 79). The analysis of reference 79

indicated that, at high air temperatures and with high-volatillty fuels_ the

unsteady-state period represents a significant part of the evaporation time.

Either heat- or mass-transfer equations may be used for the prediction of

single-drop-evaporatlon rates under steady-state conditions. For evaporation in

high-temperature surroundings, however, the heat-transfer equation is preferred in

view of the sensitivity of the vapor-pressure term in the diffusion equation at the

higher surface vapor pressures. For evaporation.into very-high-temperature surround-

ings, the drop surface temperature may be assumed equal to the liquid boiling point

for the given total pressure.
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Single-drop-evaporation rates in static surroundings may be obtained by use of

equations <59) and (40). Equation (59) may be used in the simplified form of equa-

tion (41) for evaporation in low-temperature surroundings. Equation (40) may also

be used in the simplified form of equation (4Z) for low-volatility liquids.

For evaporation under forced-convection conditions and low-temperature sur-

roundings, equations (48) and (80) have been shown to give accurate prediction of

drop-evaporation rates. For evaporation into high-temperature and varying pressure

fluid streams, equation (51) should be used.

The evaporation of fuel sprays has been investigated both theoretically and

experimentally. The theoretical analyses are generally not applicable, since they

assume zero relative velocity between drops and air. Experimental results for

spray evaporation in air streams are quite limited. The most complete study was

for contrastream i_Jection of isooctane from a simple orifice into air streams.

For this case, the weight percent of the spray evaporated may be predicted with

equation (58). This correlation indicates the relative importance of the alr-flow

and fuel-flow parameters on the evaporation of volatile-fuel sprays in air streams.

.9
t--
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(a) Rotationally symmetric oscillatlons.

(b) Wave formation.

Figure I-I. - Disturbance of low-velocity liquid Jet.
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(a) Undisturbed film.

(b) Antisymmetric wave formation (ref. 6).

0

(c) Symmetric wave formation (ref. 7).

Figure 1-3. - Wave formation for liquid sheets.
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Figure 1-6. - Venturi-type sulfur atomizer (reprinted by permission

from ref. 30).
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Chapter TI

FLJ_ AND MIXING PROCESSES IN COMBUSTION CHAMBERS

By Wilfred E. Scull and William R. Mickelsen

C_
CO

Cn

INTRODUCTION

The principal purpose of the combustion chamber in a Jet engine is the effi-

cient conversion of chemical erfergy contained in a fuel into 9he heat and kinetic

energy of the exhaust gases. The energy conversion must oc-ur efficiently not cn!y

in terms of the completeness of the combustion reaction, but also in an aerodynamic

sense. Aerodynamic efficiency implies an efficient introduction and distribat]o<

of air in a combustion chamber for the purposes of burning a fuel-air mixture, and

a dilution of the combustion products to the desired temperature level and prcTer

temperature profile. In many instances, combustion efflcieney may be sacrificed

for aerodynamic efficiency, and vice versa.

According to various authors, the combustion problem may be quite largely aero-

dynamic in character. This was recognized in some of the earliest research on

turbojet engines for aircraft propulsion (ref. I), in which it was found that dif-

ferences in combustor performance in engine tests and single-combustor tests could

be traced directly to differences in the manner in which air flowed into the com-

bustion chamber. In similar tests (ref. 2) with a sector of an annular combuster

in a stationary test facility and the entire combustor installed in a full-scale

entwine, differences in air flow at the combustor inlet resulted in variations in

combustion efficiency and poor temperature distribution at the combustor oilier.

The importance of aerodynamics in the problem of combustion is further empha-

sized by the fact that a finely dispersed spray of liquid fuel or a po_tlon of com-

bustible gas well mixed with stoichiometrie proportions of air will not i_Ite and

form a stable flame front at velocities greater than the velocity of iamin_r f]%me

propagation (approximately i to 2 ft/sec for most hydrocarbon fue]_), unless the

aer:_dynamic flow pattern is such that localized vortices, zones of flow reversal,

or a slowly moving boundary layer exists in the combustion zone. To stabL]ize the

flame at the high velocities encountered in jet engines, it is therefore necessary

to create low-velocity"regions in which the flame can originate or else establish

an aerodynamic flow pattern such that localized vortices or zones of flow reversal

are created. Such vortices or zones of reverse flow allow the combustible mixture

to attain local velocities necessary for high mass flow without exceeding transla-

tional velocities that could cause instability of the flame front.

The object of this discussion is the consideration of aerodynamic relations

applicable to the design of combustion chambers of _et engines. Experimental and

theoretical data relating combustor approach-stream parameters, combustor pressure

losses, gas Jets of many types, and orifice coefficients are included. Aerodynamic

mixing is discussed in terms of fundamental turbulent diffusion theories relating

heat, mass, and momentum transfer from different sources in various types of fl_;

fields. The effect of periodic flow fluctuations on diffusion is discussed.

Fuel-air mixing is presented in terms of spreading of liquid and vapor fuel from

several different sources.
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The following sym,bols are used in t_!s chap!_r:

cross-sectional area

ratio of one of two parai].el-jet areas to t=,taL _i:<--.-:-,yt _r_-u

distance between vortices in single row

flame-holder width

dimensionless qu_ntit ies

function of flow rates, velocities, areas, and 9_n_'..e_:, _c%,een t_o mix-

ing Jets

constant

concentration

drag coefficient of droplet

dimensionless friction coefficient

orifice discharge coefficient

function of flow rates, areas, and total temperatures of two, _i×Jn_

Jets

mlxing-length parameter

isobaric specific heat

turbulent diffusion coefficient

coefficient of turbulent diffusion of hent

diffusion coefficient for liquid fuel dr_:,plei.s

coefficient of turbulent difffus!on of m_ss

coefficient of t_mbu]e_t diffusion of momentum

diameter

molecular diffusion coefficient (mass)

duct width

functions of S

drag

spectrum density function of t_bu]ent kinetlc energy
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Pr

P

fuel-alr ratio

frequency of vortex shedding

frequency of turbulent fluctuations

welght-flow rate per unit area

gravitational constant

specific enthalpy

depth of rectangular duct

combustion intensity

lateral spacing between vortex rows

total fuel-spreading parameter

fraction of fuel evaporated before reaching point at which fz is

measured

strength of individual vortex

strength of point source

constants

length

length of duct between station where Mach number is taken and station

where choking would occur

Lagrangian scale of turbulence

Eulerian scale of turbulence

penetration of Jet

Mach number

momentum of Jet at any cross section

engine rotational speed

number

functions of W,U,_ and W,T t

Prandtl number

absolute pressure

diffuser total-pressure recovery factor
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compressor total-pressure ratio

pressure loss

total-pressure loss ratio

total-pressure loss coefficient

absolute pressure with choked flow

total quantity of heat transferred

velocity pressure

gas constant

Reynolds number

Lagrangian double velocity correlation coefficient

Eulerlan double velocity correlation coefficient

radial distance

compressor total-pressure ratio, pt,JPt,2

hydraulic radius

half-radius of axially symmetric Jet at longitudinal distance

radial distance in disk source of radius S

inside radius of contrastream fuel injector

disk source radius

Schmidt number

longitudinal distance from Jet center line

function of Y/Yo

absolute temperature

mean absolute temperature

fluctuating value of absolute temperature

time

characteristic time related to Lagrangian scale

time, controlling rate of fuel injection
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X
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velocity component in x-direction

turbulent velocity in x-direction

time-average of u

turbulent intensity in x-direction

velocity component in r- or y-direction

turbulent velocity in y-direction

time-average of v

turbulent intensity in y-direction

weight-flow rate

weight-flow rate of diffusing quantity as function of time t'

weight-flowrate of diffusing quantity

turbulent velocity in z-direction

time-average of w

turbulent intensity in z-direction

distance normal to A, or rectangular coordinate

longitudinal distance

distance from Junction of two parallel jets

mean displacement

distance from center line of plane-parallel Jet

function of r/r o

angle between gas streams

function of Pt,j and pj

fluid shearing stress

ratio of specific heats

ratio of absolute pressure to NACA standard sea-level pressure, p/2116.2

Dirac delta function

r/x

function of Pt,j and pj
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Subscripts :

A

a

an

B

C

C

cf

adiabatic efficiency

ratio of absolute temperature to NACA standard sea-level temperature,

T/518.7

thermal conductivity

range of droplet

Lagrangian microscale of turbulence

absolute viscosity of fluid

kinematic viscosity of fluid

function of m, r, x, v, and 0 in laminar free Jet

fluid weight per unit volume

momentum flux velocity

Y/Yo or r/r °

temperature coefficient in Jet

approximate mean vorticity

dimensionless quantity

stream function

function of U, Dx, r, r'

function of B*, C*, T3, M3

standard square deviation

standard square deviation evaluated at time t - t'

known combustor conditions

air

annulus

new combustor conditions

cylinder

compressor

crossflow

c_
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first

diffusion

droplet

duct

second

external

in plane of flame holder

fuel

fr ic tion

third

heat

orifice

rectangular coordinates

inner body

Jet

molecular motion

Lagrangian characteristic

liquid

mass

mixing

on axis of Jet

normal

outer boundary of Jet

oblique

open

over -all

potential core

periodic
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tu

U

U

V

W

X

Y

Z

0

i

2

5
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4

reference

relative to free stream

Stokes ' law

finite hand width

turbulent

total

t urb ine

momentum

pertaining to x-direction

pertaining to y-direction

pertaining to z-direction

position relative to x-direction

position relative to y-direction

position relative to z-direction

time zero

in space surrounding Jet

compressor inlet

combust or inlet

longitudinal position between combustor inlet and combustor cutlet

combustor outlet

free stream

AERODYNAMIC FLOW

COMBUSTOR APPROACE-STREAM PARAMETERS

Turbojet Combustion Chambers

The more important combustor approach-stream parameters for a turbojet engine

consist of inlet-air velocity, temperature, and pressure. A less important param-

eter is the combustor-inlet velocity profile. Each of these parameters may _ary

over a wide range dependent upon the operational variables of engine speed, flight

Mach number, and flight altitude. The following table indicates the range of the

combustor operating variables encountered during operation of a turbojet engine
with a sea-level static compression ratio of ii at a flight Math number of 0.8 at

various engine speeds and altitudes:

%
w_
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O_

r

iAltitude,
ft

ISea level

60,000

Engine

speed

Rated

Idle

Windmill

Rated

Idle

Windmill

Inlet

pressure,

in. Hg abs

576.5

64.1

42.5

40.5

6.1

2.2

Inlet

temperature,
OF

708

215

120

625

113

50

Air flow,

Ib/sec

197.9

_.7

44.0

18.1

4.7

2.7

In addition, supersonic flight speeds tend to increase the range of operating var-

iables still further. For example, a supersonic turbojet engine which has a sea-

level static compression ratio of 7.0 would have a combustor-inlet total tempera-

ture of 964 ° F during rated engine speed operation at a flight Mach number of 2.8

in the stratosphere.

Generalized parameters. - Sanders (ref. 3) developed performance parameters
for Jet engines from concepts of flow similarity, inertia, elastic and viscous

forces, and thermal expansions of the working fluid. Dimensionless and corrected
dimensional generalizing parameters were emplo_d to relate engine performance to

the geometry of the engine boundaries, the Mach number, the Reynolds number, and

the total-temperature ratio of the engine. For turbojet engines, it was shown that

_= fI_' T-!t N0t'
(i)

where

N engine rotational speed

Pt absolute total pressure

T t absolute total temperature

W a weight-flow rate of air

In equation (i),

Tt (2)
et = "518.7

and

Pt (5)
5t = 2116.2

with Tt in OR, Pt in pounds per square foot absolute, and et and 8t usually

evaluated _n terms of the total temperature and pressure at the compressor inlet.

From equation (i), it is apparent that the corrected weight-flow rate of air

Wa_-t/St, the corrected absolute total presm_e pt/St, and the corrected absolute
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total temperature Tt/at at any posit_on in the engine are s_stantial!y constant

for a constant corrected engine speed N/_ e/_t. These genera!izatlons are val_d at

"_!titudes up to 40,000 feet. At higher altitudes, the effect of Reynolds number be-

comes apparent in the performance of the compressor. As a result, the corrected air

flow Wa_t/5 t does not remain constant for a constant corrected engine speed

N/^ t/_t, but begins to diminish slightly with increasing a_tztuLes. This decrease

is a function of the particular engine under consideration (ref. 4). However,

it has been shown that Reynolds number has very little or no effect on the com-

pressor total-pressure ratio at extreme altitudes if the corrected engine speed

remains constant (ref. 5).

New combustor-inlet conditions can be calculated as follows: Let subscripts

A and B indicate the known and new inlet conditions, respectively, while sub-

scripts 2 and 5 denote the compressor inlet and the combustor inlet, respectively.
Then

NB : NA\_et, A
(4)

Wa,B = Wa,A \St,A _@t,B

Pt,B, 5 = t,A,_\St ,A_ 2

where 8t and _t are evaluated at the stations indicated by the subscripts. The

value of the compressor-inlet absolute total temperature Tt, 2 used in the deter-

mination of et in equation (2) can be obtained from the expression

where

M flight Mach number

T® ambient absolute temperature

y specific heat ratio

Determination of the compressor-inlet absolute total pressure Pt,2 used in _eter-

mination of 5t in equation (5) requires a knowledge of the diffuser total-pressure

recovery factor. Losses in total pressure in the engine inlet diffuser can occur

as the result of friction, inefficient diffusion, or possible shock formation.

Typical total-pressure recovery factors that can be used for current engine diffusers

are presented in figure II-i (ref. 6). The sharp decrease in recovery factors at

high Mach numbers is due to shock formation at the diffuser inlet. The value of

Pt,2 can be calculated from

tf

_C
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Pt,2

Pt,2 = Pt,_

As mentioned previously, the combustor-inlet total te_erat_e can be determined

from the constancy of Tt/e t with a constant N/_. However, if the co_ressoN

total-press_e ratio and adiabatic efficiency _e known as a function of corrected

e_ine speed and altitude, a better determination is

(%) r _

Tt,z = Tt,2 1 + 9c (9)

where

compressor total-pressure ratio, pt,3/pt, 2r C

7c compressor adiabatic efficiency

The combustor-inlet absolute total pressure can be determined from the relation

(lO)
Pt,3 = Pt,2 Pt,2 = Pt_2 re

Compressor wake effects. - The aerodynamic design of the turbojet combustor is

closely related to the air-flow pattern at the compressor exit. Ideally, the opti-

mum combustor-inlet air-flow pattern might have a uniform velocity profile with an

average velocity determined by the preceding equations. However_ especially in en-

gines with centrifugal compressors_ the velocity profile at the inlet may be nonuni-

form. Two combustor-inlet velocity profiles for an axlal-flow turbojet engine are

presented in figure 11-2. These particular profiles show wider variations with

engine operating speed than are usually found in current engines.

Uneven velocity profiles can be significant in terms of combustor total-

pressure losses and operating problems. Lloyd (ref. 7) indicates that one of the

major sources of combustor total-pressure loss is the entry loss associated with the

diffusing and evening of the high-velocity air stream from the compressor. In addi-

tion to total-pressure losses, uneven inlet velocity profiles with accompanying un-

even secondary-alr distribution and unequal liner cooling might result in distortion

and cracking of the combustor liner (ref. 8). Maldistribution of the air flow at

the combustor inlet might also be responsible for asymmetric fuel sprays and non-

centralized burning.

Ram-Jet Combustion Chambers - Generalized Parameters

Combustor approach-stream parameters (inlet-air velocity, temperature, and

pressure) for a ram-Jet combustor are the same as for a turbojet combustor. As with

a turbojet combustor, these parameters may vary over a wide range; however, the

range is dependent only upon flight Mach number and flight altitude for the ram

Jet. Determination of the approach-stream parameters is, in general, simpler for

the ram-Jet combustor than for the turbojet. Since there is no compressor in a



Ii-12 NACA <M .... 4 :._.,

ram-Jet engine, all the compression occurs in the diffuser. Combustcr-inlet abso-

lute total temperature and pressure can be determined by the fcllowlrg equat_en_:

r_/_

Pt ,_

As with the turbojet, the diffuser total-pressure recovery factor must be known in

order to determine the combustor-inlet pressure. The data in figure IT-! are appli-

cable to both types of engines.

As a rule, combustor inlet-air velocity is selected to satisfy the thrust re-

qulrements of the engine. Thus, for a known combustor-inlet area, flight altitude_

and flight Mach number, the combustor mass air flow can be determined from

AzU3 Pt t3 flS)
W a = Ra _ "

where

A 3 combustor-iulet area

M5 combustor-iulet Mach number

R a gas constant for air

U3 combustor-inlet air velocity

and

U 3
M3 = (14)

_rgRaTt,3 (r-l) U_2

where

g gravitational constant

D_ta which can be used for rapid determination of the inlet conditions in a ram-Jet

engine are presented in figure II-3. This figure is based on the diffuser total-

pressure recoveries of figure II-i.

_0
C_



NACA RM E54107 II-13

COMBUSTCR PRESSURE LOSSES

In any type of combustion chamber, regions of low gas velocity must be present
if stable combustion is to be maintained. Liners and flame holders are used in

turbojet and ram-Jet combustors, respectively, to provide stabilizing regions of

low velocity. Advantages gained by use of such stabilizing mechanisms may be bal-

anced by combustor pressure losses, which result in losses in over-all cycle

efficiency.

O_
PO
O_

Effect on Over-All Cycle Performance

The effect of combustor pressure loss on cycle efficiency has been expressed

in reference 9 as

I-2F
1-__Z

qcqtu - rc

- -

(i_)

where

_Pt combustor total-pressure loss

Tt, 4 combustor-outlet total temperature

qtu turbine adiabatic efficiency

The denominator of the right side of equation (15) is always positive and propor-

tional to the heat added in the combustor. As shown by figure 11-4, total-pressure

losses in turbojet engines are important, especially when operating at very low or

very high over-all pressure ratios. For compressor total-pressure ratios less than

9, increases in compressor total-pressure ratios resulted in decreased effects of
combustor total-pressure losses. With higher pressure ratios, combustor pressure

losses caused greater thrust losses. These increases in thrust loss are caused

by the greatly increased power required to operate the compressor at the high

pressure ratios. Increasing pressure losses with accompanying decreases in

cycle efficiency result in increases in fuel consumption. Likewise, increases _n

unit size become necessary, since higher rotative speeds and accompanying higher

turbine stresses are required to obtain the higher compression ratios needed to

maintain maximum cycle efficiencies with increasing pressure losses (ref. i0).

Causes

Pressure losses in combustors occur as the result of several factors: (I)

abrupt changes in flow cross-sectional areas, (Z) bluff bodies or flame-stabillzing

devices in the combustion zone causing partial blockage of the open cross-

sectional area, (5) frictional forces exerted upon the gas stream by flame-

stabilizing devices and the walls of the combustion chamber, (4) increases in
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moment_impartedto the gasstreamas it flows throughthe combustor,and(5) the
high degreeof turbulencenecessaryto mix gasesin a restricted combustionvolume.

Chan_es in flow _ross-sectional area due to expansion. - Pressure losses in
the combustor-inlet diffuser, which partially slows the high-_elocity air stream

from the compressor, may be attributed to the combustor. For the case of sudden

enlargements, which is the condition approached by some very short combustor-in!et

diffusers, t_ followiag diagram is consideredz

I

l | A4

U_ ---A-e. _ U4

p_ I I P4
I I

LI__
I t
3 ¢

C_

Application of Newton's second law to the control volume shown by the dotted lines

yields the total-pressure loss St due to sudden enlargements as

St : 2g -Q-

where

0 weight of fluid per unit volume

If the assumption is made that the fluid or gases are incompressible, which, for

gas velocities of less than 400 feet per second, incurs an error less than the

probable error of data for computing friction losses in pipe flow, the equation

reduces to (ref. II)

S t ='-_-g _ - A4 /

This equation can be used for any shape of cross section, and for fluids or gases
in turbulent flow.

Obviously, a sudden enlargement is undesirable. However, length limitations

in ram-Jet or turbojet engines generally necessitate short diffusers. As a re-
sult, diffuser included angles are usually large. Figure II-5 (refs. 12 and IS)

presents the pressure loss of diffusers as a function of the included angle. An
optimum included angle of 7° to i0° is indicated for minimum pressure loss. Re-

ductions in total-pressure loss for large angles of diffusion can be accomplished

by introduction of a spiral flow or rotation into the gas flow upon entry to the

diffuser (ref. 12). Eeductions in total-pressure loss, with spiral flow or rotation
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in the gas flowing in the diffuser, of as much as 45 to 60 percent are reported in

reference 12. Similar results are expressed in reference 14 in terms of the In-

crease in static pressure rise through a short 2:1 area ratio diffuser by use of

rectangular vortex generators.

Chan6es in flow cross-sectional area due to contraction. - Liners or flame
holders in the combustion volume serve not only as flame stabilizers but also

house the combustion zone, proportion the air flow, and introduce turbulence neces-

sary for good mixing of hot and cold gases during the combustion process. Inser-
tion of a liner or flame holder in the combustion volume results in pressure losse_,

which, though unavoidable, can often be minimized. Blockage of the open cross-

sectional area of a combustor may be considered somewhat similar to a sudden con-

traction in the flow area in a pipe. For sudden contractions, the following

diagram is considered:

A3

U3

P3

I

' II

i _ A¢
I I

_ U4
I I
I I P4
I 1

II

$ 4

Assuming incompressibility, reference iS indicates the total-pressure loss in this
case to be

04u 
St = kl--_- (18)

where kI

and

depends on the ratio of areas at stations 3 and 4 and is defined by

k I = 0.4 .25 - for _ <0.715 (19a)

Ii A4 > A4kI:o.7S for  >OVlS

Total-pressure losses due to sudden contractions may be greatly reduced by using a

conical or well-rounded transition section between areas 3 and 4. The value of kI

for conical or well-rounded transition sections is reduced to approximately 0.05.

This value of kI is applicable for all values of A4/As, provided that the flow

in the smaller area is turbulent.

Bbdy shape and blocked area. - Ram-Jet combustion chambers and afterburners

utilize a flame-holding mechanism consisting of gutters or similar devices to pro-

vide a recirculatory zone of low velocity for flame stabilization. Usually, such

devices in the combustion chamber provide more turbulence and better mixing, with
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resultant increasesin combustionefficiency. However,suchdevicescreatean un-
avoidablepressureloss with an accompanyingadverseeffect onover-all cycle effi-
ciency. A theoretical analysis of the total-pressure losses in a combustionchamber
usingV-gutter flameholders is presentedin reference16. Compressible,nonviscous.
one-dlmensionalflow wasassumed.Datashowingthe theoretical total-pressure loss
coefficient 2_p_qr arepresentedin figure II-8, in which

AF openflow area in planeof flameholders

k2 areacontraction coefficient, equalto flow area of venacontractadownstream
of a flameholder divided by AF

% reference velocity pressure based on combustor-inlet air density and maxi_._n_m
cross-sectional area of combustor

For most purposes, k2 may be assumed between 0.8 and 0.9. The data of figure

II-8 have been replotted in figure II-7 at an inlet Mach number of 0.20 to show

the effect of area blockage on the total-pressure loss coefficient. Also included

are the theoretical loss coefficients for staggered flame holders (ref. 17). The

data for staggered flame holders are valid only when the baffles at each plane

provide approximately the same blockage. Total-pressure losses increase with in-

creases in blocked area. In addition, total-pressure losses do not seem to be

greatly affected by baffle geometry, being dependent more on blocked area.

For sloping-gutter flame holders, the projected area of the flame holders

should be used to determine the area blockage.

For combustion chambers having center bodies in addition to gutter flame

holders, the following equation (ref. i7) may apply:

q---;-_- _ . (zo)

where

Aib area of inner body

qF velocity pressure in flame-holder plane

Fluid friction. - Frictional total-pressure losses in combustors are generally

small enough to be neglected in comparison with other factors causing pressure

losses. However, in ram-Jet engines and afterburners in which high-velocity gases

scrub relatively long walls of the combustion chamber, frictional total-pressure

losses may not be negligible. The total-pressure loss due to friction of a fluid

flowing in a duct can be expressed by the Fanning friction equation (ref. 18):

puz L (Zl)
APt,fr = 2-_--Cfr --

rhy

where

Cfr dimensionless friction coefficient
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L duct length

£_Pt,fr total-pressure loss due to friction

rhy duct hydraulic radius

and P and U are average values. In figure II-8 (ref. 19), values of Cfr are

presented for a range of Reynolds numbers from l04 to lO 7. The value of Cfr

varies from 0.004 to 0.0055 for Reynolds numbers from 2.5X105 to 5.0×105. Refer-

ence 20 includes data from which the effect of wall friction alone upon a fluid

flowing in a cylindrical duct can be estimated if the Mach number at the entrance

and the friction coefficient of the chamber are known. Figure II-9 presents data

showing the total-pressure loss in terms of these variables. Use cf the figure can

be demonstrated best by an example. Consider air flowing In a 6-inch-diameter duct
at an inlet Mach number of 0.25 at sea level. The duct is 30 inches in length and

the total-pressure loss is required.

Average air velocity in duct = 0.25Xl120 = 280 ft/sec

Air density = 0.0766 lb/cu ft

Air viscosity = 5.725×10 -7 slugs/(ft)(sec)

Reynolds number =

O. 0766
X 280 X 0.5

52.2

5. 725XI0-7
= 8.95×105

For this Reynolds number, Cfr = 0.O052, while

rhy = _i (duct diameter) = T0"5 = 0.125 ft and

CfrL 0.0052 × 2.5

rhy O. 125
= O. 064

For an inlet Mach number of 0.25,

,/cf *)
--8.6

where

L* duct length between station at which Mach number is taken and station at which

choking would occur

and

Pt

: 2.39 (fig. Ii-9)

where

p_ total pressure with choked flow



i {CfrL* 8.6 - 0.064 = 8.556

For \ rhy /4 = 8.536,

M 4 = 0.255,

= 2.58

Pt

and

\ /
2.58

i - _= 0.004
2.39

Momentum. - The momentum pressure loss in combustion chambers, which is in-

herent in any system in which heat is added to a moving gas stream, can be deter-

mined simply in terms of temperature ratios and Math numbers by the following

analysis:

U 3

Q

I I
I I

-7_ w
I I

I I
I I
f
Z 4

b-

O4

It is assumed that the gases are evenly mixed with respect to temperature and

pressure at the entrance and exit of the combustor, that the gases are perfect and

nonviscous, and that one-dimensional flow applies. Application of Newton's second

law and the continuity equation leads to

r__

I_ Y4-1 M_ Y-I

i + rsM_ +_t= 1 --if--

• r3_ I
Pt,3 1 + Y4M_ , +.._._._ _/

and



NACARME54107 II-19

t_

. O]

where y is an average value determined from Y5 and Y4" For critical or choked

flow through an opening, the Mach number at the opening equals 1.0. For the condi-

tion of choking at the combustor exit, since M4 equals 1.0,

r

APt - 1 - 1 + Y4
Pt,5 _ + (Y3-1)_J (24)

and

cl3MII (2s)

According to equation (25), the addition of heat or the increase of total tempera-

ture of any fluid in frictionless flow in a duct will result in an increase in M 4

if M5 is subsonic, and a decrease in M 4 if M 3 is supersonic. The subsonic

case only is considered here. Choking at the combustor exit does not mean that

more fuel cannot be burned, provided sufficient air is present. It does mean, how-

ever, that if more fuel is burned, the combustor-inlet conditions will adjust to

compensate for the increase in total-temperature ratio. The preceding equations

are expressed in figure II-lO in terms of the effect of inlet and outlet conditions

upon the total-pressure loss in a duct due to heat addition for _ = 1.4 and con-

stant R. Total-pressure loss due to combustion decreases with decreases in

combustor-inlet Mach number for a given temperature ratio.

Isothermal flow behind bluff bodies. - The flow behind bluff bodies such as

fla2_ holders in ram-Jet combustion chambers may have noticeable effects on the com-

bustor performance. Introduction of a cylindrical rod or a V-gutter flame holder in-

to a moving gas stream results in the formation of vortices in the region immediately
downstream. These vortices can be explained as follows: At extremely low Reynolds

numbers (using the width of the bluff body as the length dimension), the stream-
lines of the flow broaden out behind the obstacle. As the Reynolds number is in-

creased, the streamlines widen more and more, forming a closed region behind the

object, within which there is an inflow along the axis of the wake and a flow in

the general direction of motion in the outer portions. These motions form a pair

of vortices, and exist at low Reynolds numbers, but become more prominent as the

Reynolds number increases. With further increases in Reynolds number, the vor-

tices become more elongated and asymmetrical, break off, and move downstream. This

vortex shedding occurs at some critical Reynolds number which depends upon flame-

holder shape, turbulence of the gas stream, and any wall effects from the combus-
tion chamber. Reference 21 reports _isual observation of the formation and shed-

ding of vortices by the use of balsa dust injected upstream of various type flame
holders.



Theasymmetricarrangementof vortex pairs behindthe bluff o-_)ectt_]ters the
pressuredistribution aroundthe body,andvortices are dischargedalternately ercm
the two sides. In this way,a definite frequencyof eddymotion,whichde_.ends
uponthe Reynoldsnumber,is begun. Downstreamof the bluff object, the vortices
arrangethemselvesin a doublerow in whicheachvortex is midwaybetweenthe vor-
tices in an opposite row; this arrangement is known as the Ka_n vortex street.

According to reference 22, regular vortex shedding occurs until Reynolds n_.bers

approach 4 to 5XlO S. Above these values, flow is turbulent.

Flow behind bluff bodies with heat addition. - During combustion stabilized

behind a flame holder in a flowing homogeneous fuel-air mixture, unburned mixture

diffuses into the eddy region behind the flame holder and is burned, -_th accompany-

ins diffusion of the combustion products and heat into the main stream to ignite

the mixture flowing past. With a liquid fuel spray, heat from the burning mixtcre

in the eddy region is transferred to the liquid fuel accumulated on the fla_e hold-

er directly by radiation and convection, and indirectly by conduction through the

flame holder itself. The amount of heat transferred controls the evaporation rate

of the fuel. It is believed that the fuel vaporized by this heat mixes with air

diffusing from the main stream and maintains the pilot flame in the eddy region.
One of the differences noted in flow behind bluff bodies with and without heat ad-

dition is that no eddies are shed during combustion (ref. 25). One explanation of

this fact is that the static pressure downstream of the bluff body is lower _Ith

combustion occurring. As a result of the reduced pressure, the eddy region becomes

smaller and seems to attach itself to the bluff body.

Edd_ formation. - Small pressure losses induced by eddies downstre,un of fl_Ee

holders may be estimated if data showing the strength, frequency of shedding, and

longitudinal spacing between vortices in a row are known. Goldstein (ref. 22)

states that the average drag per unit length of a cylindrical obstacle p_r[_en-

dicular to a flowing fluid can he expressed by

K20 K0 i

F : _ +-- (u. - ZUel)ag
(26)

where

a distance between vortices in row

F drag of flame holder per unit flame-holder length

lateral spacing between vortex rows

K strength of individual vortex

Ure I velocity of vortex system relative to free stream

U fluid velocity upstream

According to reference 24, the strength of vortices of stable rows can be ex-
pressed as

e)

K : z_ aUreI (2va)



NACA RM E54107 II-21

C_
tO

O_

and

sin --I (27b)

i/a = 0.281 (27c)

Use of these data allows reduction of equation (26) to

Urel o.628
F .ss u--j- (28)

This equation does not include wall effects of the combustor. A similar e_mtion
which includes wall effects is derived in reference 22. Reference 21 presents

data for the shedding frequency and strength of vortices from 14 different flame

holders, including a cylinder and a flat plate. From data such as these, neces-

sary values for equation (28) can be determined, since a can be determined

from equation (27a), and

q2_/ 1Ure 1
_u_---._= i -----/: i (29)
U. U. U.

where

/ frequency of vortex shedding from flame holder

or

Urel : -_ - 2 (50)

(The negative sign must be used in eq. (30), since a vortex of zero strength would

not exist and Ure I would equal zero.) The magnitude of the eddy drag is quite

small as shown by the fact that a U-shaped flame holder, 2/4 inch wide, would cause

a drag of approximately 0.12 pound per foot of length of flame holder in an air

stream flowing at 55 feet per second at sea level.

The isothermal total-pressure loss coefficient for a flame holder due to

vortex formation can be expressed essentially as

Ap t = .587 Urel 0.u. \u./]
qr a*

where

a* flame holder width

(si)

This total-pressure loss would be additive to the theoretical pressure loss ob-

tained in reference 18.

Estimation and Correlation

Data for estimation of the total-pressure losses in a combustor for known

isothermal pressure loss are presented in reference 25. This method, however, re-

quires an isothermal test of the combustor before an estimation of the pressure
losses at other operating conditions can be made.



A correlation hasbeendeveloped(ref. 26) for variouscombustorsandexTerl-
mentalconfigurations in which

--2_°t_I 1"5 (32)
Pt

where

combustion intensity, Btu/(hr)(cu ft)(atm)

2qot

Pt
total-pressure loss ratio for system

The value of I is preferably assessed on the size of the primary combustion zone

only. This correlation was for use in combustion-chamber design. Using a design

APt/Pt , an intensity could be found, from which primary zone size could be deter-

mined. Values of the ratio L/d for cylindrical comb_stors were taken as 1.?5

to 2.0. According to reference 26, the degree of combustion intensity is deter-

mined by the air-mixing pattern, the degree of turbulence, and the combustion prop-

erties of the fuel-air mixture, all of which contribute to pressure losses. Use cf

this correlation involves an arbitrary assumption as to the size of the primary
zone.

A better correlation, and one which is generally used, is

APt - k4 _0Z_---ks+
% \°4/

where

k3;k 4 dimensionless constants

q_ reference velocity pressure_ defined by

qr =

A r reference area of combustor, equal to maximum open cross-sectionaL area cf

combustor housing

O gas density

This correlation (ref. 27) indicates that the total-pressure losses in a combustor

are a function of the previously mentioned factors, friction and pressure losses
associated with the introduction of a flame-stabilizing device in a gas stream

(k 5 + k4)qr , and pressure losses due to heat absorption (or density changes) of

gases kA103 - llq r. Pressure losses of a typical turbojet combustorhigh-velocity
_\P4

are presented in figure II-ll. As indicated by equation (33), total-pressure

7, :
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losses increase linearly with increases in gas-denslty ratios. Friction pressure

losses, the losses which would be found essentially by an Isothermal test, are in-

dicated at a density ratio of 1.O. Momentum pressure losses at any density ratio

are the difference between the total-pressure losses and the friction pressure

loss.

A theoretical analysis of isothermal total-pressure losses in a combustor

having straight housing an8 liner walls has been made (unpublished NACA data). _le

following assumptions or effects were considered in the analysis:

(i) Sudden contractions or enlargements in flow cross-sectional areas

(2) Incompressible, isothermal flow

(5) Ratio of total area of openings in liner to maximum cross-sectional (ref-

erence) area of housing

(4) Ratio of area of annulus between liner and housing to maxim_nn cross-

sectional (reference) area of housing

(5) Zero wall friction

(6) Variable orifice coefficients for openings in liner

The effect of exterm_l crossflow on the orifice coefficients was included. The

effect of internal crossflow was assumed negliglble for the range of operating con-

ditions considered. Variable orifice coefficients are discussed later.

Theoretical total-pressure losses are presented in figure II-12 for several

ratios of annulus-reference areas. Total-pressure losses decrease rapidly with in-

creases in both annulus-reference area ratios and total liner opening - reference

area ratios. Minimum total-pressure losses can be obtained essentially with a

ratio of total liner open area to the reference area of the housing of 1.5. Addi-

tional data indicate the optimum ratio of annulus-reference areas for obtaining

minimum total-pressure losses to be approximately 0.5. At present, increased in-

terest is shown in the use of Apt/Pt, a total-pressure-loss ratio which is more

useful for comparisons of combustor performance. However, this ratio is not unique

in that it involves a different curve for each combustor-inlet velocity.

AIR DISTRIBUTION

The distribution of air flow within a combustor depends upon many factors,

several of which are interrelated. In general, the simplest assumption regarding

distribution of air flow in a combustor liner is that the air flow is prGportlonal

to the liner open area. However, such an assumption does not account for the ef-

fect of previously discussed pressure losses, the ratio of annular area between

the combustor housing and liner to the total cross-sectlonal area, orifice coeffi-

cients, friction, or the rate of heat addition.

Experimental data showing air-flow distribution are rather meager in the

literature. However, several theoretical analyses of the distribution are avail-

able. One of the most usable analyses has been made by the NACA for the air-flow

distribution within the liner of a straight-wall tubular eombustor. The same

assumptions or effects listed in the section on estimating or correlating pressure-

drop data were considered. With the proper corrections, these data should apply

to other combustors, for example, annular combustors or combustors with housings

and liners having nonparallel walls.
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Isothermal alr-flow distributions in a tubular straight-wall combustor are

presented in figure II-15 as functions of liner open area, total-pressure losses,

and ratios of the snnular area between combustor housing and liner to the refer-

ence area of the combustor housing. Figure II-15(a) indicates that the percentage

of the total air flow into the liner upstream of any longitudinal position is less

than if it were proportional to the percentage of liner total open area available

for flow, especially with low combustor total-pressure-loss coefficients. Figure

II-15(b) indicates a similar effect on air-flow distribution for several ratios of

the area of the annulus between liner and housing to the housing reference area.

The effect is more pronounced at small values of annulus-reference area ratios.

Other methods of estimating air-flow distribution are available. However,

most of these methoas are stepwise, laborious, and less conveuie_t than this method.

1_eferences 28 and 29 present methods of evaluating the air-flow distribution that

involve trial-and-error solutions beginning at the comb-Astor inlet or outlet, and

specification of effective flow areas or static pressures at any position in the

eombustor. Reference 50 presents an alternstlve method based upon arbitrarily

assigned inlet flows or static pressures at each station, in addition to assumed

jet-stream Mach numbers and inlet total temperatures. Ele method assumes combus-

tion in a constant cross-sectlonal area, isentropic expansion of gase_ between

stations, and radial mixing of gas jets at each station. After stepwise determina-

tion of internal flow, the upstream total pressure can be selected by assigning an

over-all pressure loss or a pressure drop over a particular station. Either method

fixes the inlet total pressure and allows a static-pressure evaluation over the

exterusul portion of the liner. Required open areas at each station are then de-

termined from mass flows, orifice coefficients, and calculated orifice pressure
drops. This method seems superior to the methods of references 28 and 29 in that

only one trial-and-error solution may be necessary.

%0

GAS JETS

Mixing of gas streams or Jets is an important problem in the design and oper-

ation of combustion chambers. For example, air needed to create the turbulence

required for rapid mixing and burning in the primary zone of a turbojet combustor

usually enters in the form Of air Jets through small openings in the comb_mtcr

liner. Also, adequate penetration of the dilution or secondary air must OCCLT in

order to attain the degree of mixing and temperature uniformity required by turbo-

jet combustors, in which exhaust-temperature profiles suitable for entr-j of the ex-

haust gases into the turbine are necessary. Such penetration is usually obtained

by introduction of the secondary air through various openings in the downstream

portion of the combustor. Similar problems also exist in the design and operation

of ram-Jet combustors and afterburners. Adequate mixing of gases of different

temperatures, which exist downstream of flame holders, may result in hi_her prepul-
sire efficiencies.

As shown in the following sketch, a Jet consists essentially of a uniform

stream of fluid emanating from an orifice :
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Within a certain region (the potential core) outside the orifice, the Jet velocity

and temperature are maintained. Outside and downstream of the potential core, a

mixing region exists, in which the Jet expands and interaction may occur between

the Jet fluid and any surrounding atmosphere. Jet parameters of interest are usu-

ally the velocity and the temperature at any position within the Jet, the width

and penetration of the Jet, and any interaction of the Jet with adjacent Jets.

Gas Jets and mixing problems can be classified into two general categories: free

Jets and Jets issuing into fluids which are not at rest. Each of these categories
can be further subdivided into laminar and turbulent flow.

Theoretical Background

Free _ets. - Unless specifically stated otherwise, all Jets discussed as free

Jets have a single fluid composition.

Laminar flow: The study of a Jet in laminar flow is usually only of academic

interest. However, the res_ts of such studies may be of value in fundamental com-

bustion investigations. An analysis of the spread of a free, laminar, two-

dimensional Jet and a circular Jet is given in reference 31. For a laminar Jet

issuing from a small circular hole in a wall, the equation of motion can be written

as

u_x+v_ _

where

U,V

x_r

V

The following assumptions are made:

(i) _2U/_x2 is small compared with

velocity components in x- and r-directions

longitt_linal and radial measurements

kinematic viscosity of Jet fluid

_2U/_r2, and can be neglected.
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(2) No pressure gradients or lateral fluid limitations exist across the Jet.

(3) Flow is steady.

(4) The momentum at any section of the Jet is assumed constant, since no pres-

sure gradients exist and motion is steady.

1 37 1 3T
(5) U = _ and V = - _B-x' where

satisfy the continuity equation.

Y is a stream function such that U and

A solution of this equation for values of U and V is

U = 5m(l_ ii 62)28-_ 7J(1 +T

(56a)

and

where

(36b)

momentum of Jet at any cross section = a constant = _2-_---_pl_" U_r° dr
g

absolute viscosity of Jet fluid

{ (I/4,)(3_/_p)i/2(r/_)

This solution is applicable for large values of mg/_ 2 .

Turbulent flow velocity profiles: In practice, the motion in Jets is usually

turbulent in nature. One of the simplest cases of turbulent mixing is the plane-

parallel mixing of a Jet with gases at rest, with the mixing occurring along a

single boundary between the gases. Reference 32 reports an early analysis of

this type of mixing, with a free-turbulence or momentum-transfer theory based on

the semiempirical, general turbulence theory of Prandtl. The momentum-transfer

theory indicated the temperature and velocity profiles to be identical in a free

Jet. Good experimental verification of the theoretical velocity profiles of ref-

erence 32 was obtained by various investigators. However, experimental measure-

ments of temperature profiles downstream of free Jets indicated discrepancies be-

tween theory and experiment and no similarity of velocity and temperature profiles.

_nus, the momentum-transfer theory was suitable for solution of mechanical flow

problems of velocity profiles or fluid friction, but was ineffective for solution

of problems involving temperature profiles or heat transfer.

Reference 55 presents a theory in which the tangential turbulent stresses in

flow are a function of the transverse transport of vorticity. That is, the stresses

(D
6/
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are a function of the correlation between vorticlty t'lu:-lunticns r<n_i trnr_,'or_o

velocity components. Conservation of the vort_city of _ fluid e2,_<<,-t ,:-if[i :!i:,:_p"

occtLrred was assumed. It was also noted that the Prnndtl thecry !i: n)t _e<'_unt

for local pressure gradients_ which appreciably affect moment_im i_,tercha_ _" hut

net v<_rt!city transport. The vorticity-transport theor) of referenc" ?,L _<n',_ v ,_-

locity profiles almost as accurately as the moment_-trans?er theory _nd, in nd11-

tion, cave better agreement of theoretical and ex-perimenta! temI:=rr_Tnre ]_rnf=]e_ :.

The vorticity-transpcrt theory was extended to plane-parallel free jets in re1"_r-

ences $4 and $5.

For two-dimensional compressible flow, Abramovich (ref. 7{4) Jnd_c';t,_<_ _e

equation of motion to be

where

*_ time

V velocity component in y-direction

y lateral me'ts_mement

and ai] values are instantaneous. By use of an approximate mean vort'clty _p vk--re

l l( U 1

and a defined value Lm, which is a mixing length or mean free path of a fluid

particle in turbulent flow, equation (57) reduces to

,:here the bars indicate mean values. For incompressible f'!ow, eq,mtion (=i)_,._. r,:-

: ;;]lC e f, tO

U _X + V _y = m _y _y2 ' "

Equation (59) is similar to the equation found in reference %2 by use of t_e

romentum-transfer theory, differing only in the 9efinition of L m. Equat !_n (7<!]

was sobTed by use of the same assumptions used in reference 52: cO!lsta_It moment _m

1_ the x-direction at an:,, section of the .]et_ proportionality of L m to x in

an x-direction; and constancy of L m across any sect!on in a y-direction. T]_a_ i

Uma x _ x-i/2

L m _yo _ x
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where

Uma x velocity on Jet axis

Yo maximum Jet spread on one side of Jet

Equation (39) yields the same distribution for velocity as the momentum-transfer the-

ory of reference 52:

(40a)

yo--3°2k /3x

where

k S ,k 6 constants

s(_) function of (y/yo)

Y/Yo

This solution is expressed in figure 11-14 in terms of dimensionless ratios of

U/Uma x for any cross section. Good agreement of experimental and theoretical

profiles has been found.

The theory of plane-parallel Jet mixing was extended by Howarth (ref. 55) to

the case of axially symmetric free Jets. For these Jets, the equations of motlcz

for each of two theories are

Momentum-transfer theory:

Modified vorticity-transport theory:

u_ +v = _b-_+7

These equations were solved by use of the same assumptions as used in equation (59).

Although the two different theories yield approximately the same result, slightly

better agreement with experiment was obtained with the momentum-transfer theory.

The solution of equation (41) involved use of the stream function Y, defined in

assumption (5) of equation (35). The value of U at any radius r was determined

as

k 7
u = 4.6s-- _(_) (43a)

r
o

to
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C_

O_

where

k7,k8

r o

c

r = 3.4k_I3 _ (_3bl
0

constants

maximum spread of Jet at any cross section

function of (r/r o)

r/r 0

This solution is expressed in figure II-14 in terms of dimensionless ratios for any

cross section. According to Howarth, these results are fairly accurate, at least

over the central portion of the Jet, at distances downstream from the nozzle greater

than 8 Jet nozzle diameters.

Turbulent flow temperature profiles: Abramovich (ref. 34) indicates the dif-

ferential equation of heat balance for plane-parallel free jets emanating into

fluids of different temperatures to be

_T 8T _f (44)

Equation (44) neglects molecular heat conduction and conversion of the energy of

viscous forces into heat with respect to turbulent heat transfer in the same manner

as friction due to viscosity was disregarded in equation (38) relative to t,_rbulent

friction.

assuming

and

By use of instantaneous and fluctuating values of variables and by

D-_t___= 0 (steady flow)

T' =%,_

where

mean absolute temperature

T' fluctuating value of absolute temperature

equation (44) becomes

which, for incompressible flow, reduces to

+_ (4s)

u (4G)
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Reference 34 presents a correlation of the solution of equation (48) _n terms of a

dimensionless parameter

where

T

Tj

T - T I

Tj - T I

temperature at any point in Jet mixing region

temperature at any point in region of undisturbed flow in Jet, or in potential

core

T 1 temperature of fluid at rest in space surrounding Jet

temperature coefficient in Jet

This parameter has been used by other authors. Howarth (ref. 35), howewer, pre-

sents a solution of equation (46) as

where

s(_) functionof (Y/Yo)

Tma x temperature on Jet axis

Y/Yo

and Tmax _d _ _(_)1/2

T--L.- __.

T_ [s(_)$1/_

This solution is presented in figure II-15.

For axially symmetric free Jets, the differential equation of heat transfer
becomes (ref. 35)

u_+v_=_ _r

Similar boundary conditions apply for velocity and temperature distributions based

on the momentum transfer theory. Also, equation (47) differs from equation (41)

only in a change of variable. Therefore, the solution of equation (47) based upon
the momentum-transfer theory yields a temperature profile similar to that of

the velocity. The boundary conditions used for temperature distribution with the

vorticity-transport theory are unequal to those used for velocity distribution.

Howarth (ref. 55) presents a solution of equation (47) as
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C_
cO

rl  13 E1'" - E'/g dgE 1

T_____-e 4_)
Tmax

where

E,E' ,E" f(_)

k8 constant

z r/x

A comparison of experimental and theoretical temperature distributions based upon

the momentum-transfer and vorticity-transport theories is presented in figure II-15.

The experimental temperature distribution more closely follows that predicted by

the vorticity-transport theory over most of the range.

Occasionally, a knowledge of lines of constant temperature or velocity in free

Jets is required. Solutions of the equations to determine constant velocity and

temperature distributions in free Jets indicated that isothermal and constant-

velocity lines are straight lines emanating from the center of the Jet orifice.

According to the existing data, turbulent-flow velocity profiles in free Jets can

be determined best by use of the momentum-transfer theory, expressed in equations
(59) and (41) and figure II-14. Turbulent-flow temperature profiles in free jets

can be determined best by use of the vorticity-transport theory, expressed in equa-
tion 447) and figure II-15.

Coaxial Sets. - In contrast to a Jet issuing into a fluid at rest, many appli-
cations exist in which a Jet emanates into a stream flowing parallel to the Jet

axis. Reference 56 presents a solution to an isothermal mixing problem of this

type in terms of the momentum-transfer theory. The equations of motion for the

region of fully developed flow and the region containing a uniform velocity poten-

tial core were solved by use of proper boundary conditions with the requirement
that continuous values of Jet radii and velocities exist at the intersection of the

two regions. The following assumptions were made in the solution:

(i) Incompressible flow

(2) Pressure gradients near Jet small enough to be neglected

(5) Constant velocity throughout potential core

(4) Constant momentum in x-direction at any jet section

45) Mixing length Lm proportional to width of mixing region

(6) Lateral distribution of velocity in region containing potential core

equal to

1-c°s\r° (49)
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(7) Lateral velocity distribution in fully developed Jet equal to

U = U I + 2" + cos
(5o)

where all velocities are in the x-direction, and

r radial distance from Jet axis to point where U is measured

ro outer radius of fully developed Jet

rp

U

radius of potential core

velocity at any position in Jet

Uj velocity of Jet

Uma x velocity on Jet axis

U I velocity of coaxial stream

(8) Mixing length parameter c equal to (0.0067) 1/2 (differs slightly,

approximately i0 percent, from a value found in another reference)

A diagram of the Jet and the results of the analysis are presented in figures II-16

and -17. Results of the analysis indicated that: (i) length of the potential core

decreases with decreasing ratios of stream-to-Jet velocity to approximately 5.1

Jet diameters for a free Jet, and (2) similar to free Jets, constant-velocity lines

are approximately straight, emanating from the center of the Jet orifice. Similar

results have been found by other investigators.

Normal _ets. - No theoretical data expressing the distribution of temperature

or velocity in a fluid Jet entering a fluid stream flowi_4 normal to the Jet were

found. However, a theoretical analysis for the penetration of the Jet into the

stream Is presented in reference 57. Velocity and temperature distributions for

free Jets and a negligible pressure gradient at the mixing section were assumed

Results of the analysis indicated that penetration of normal Jets could be ex-

pressed as

[( Momentumof Oct _ {Volume flow of fluid stream\2]
Penetration, _ = f Momentum of fluid stream] <_-_ vo_e _l'_--_ _ _J

\ stream and Jet

For penetration of circular normal Jets into fluid streams in rectangular ducts

of width d' and depth ht penetration at a distance x/h from the orifice is sug-

gested as

<i hh- \
h UI Tj

Relative penetration, _ = f _ d_ U.I } (52)

+ ¥ hd-_v U_/
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where

dj jet orifice diameter

Tj temperature of Jet fluid

T] temperature of fluid stream

Uj Jet velocity

U] fluid stream velocity

Multiple Jets. - Two expressions for the penetration of multiple jets into

fluid streams are presented in reference 37. For the penetration of n Jets enter-

ing a fluid stream at right angles through n circular orifices spaced laterally

across a rectangular duct of width d' and depth h, penetration at a distance

x/h from the orifice is suggested as

Relative penetratlonj [ = f d_ U_

4 hd' UI/

No experimental data using this parameter were included in reference _7.

penetration of n Jets entering a fluid stream at right angles through

orifices equally spaced circumferentially around a duct of diameter

pression suggested for a distance X/ddt from the orifice is

[ ]
ddt U1 _ I

_dd tl 2U IUI

Relative penetrationj _tt = f /_ \

1 +n%

For the

n circular

ddt , the ex-

(54)

No experimental data using this parameter were included.

Experimental Data

Despite an abundance of theoretical analyses of jets issuing into gases at

rest or in motion, many disagreements exist between theoretical and experimental re-

sults. Likewise, application of fundamental Jet-penetration data to Jet-engine com-

bustors has given results in disagreement with theory. Disagreements may be attrib-

uted to various factors such as direction, size, shape, and orientation of the Jets

relative to the main fluid, and the presence of other Jets resulting in possible

jet interaction.

Free jets. - Turbulent flow _elocity profiles: Much of the extant experimental

data relative to gas Jets concern free Jets mixing with air. In general, data are

presented in terms of velocity distributions in both the potential core in axially

symmetric Jets and the region of fully developed Jet flow. Equations written to
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fit the experimental data for isothermal free Jets mixing with air are presented in

reference 58. Data are expressed in terms of momentum flux velocity ratios, in

which

Momentt_ flux velocity --_ (55)

where

U instantaneous velocity in _et in x-direction at any radius r and longitudinal

distance x

P instantaneous density of flui_

The value of oU 2 is determined from impact tube measurements, and 0 is determined

from static temperature and pressure. For incompressible flow, the momentum flux

velocity is approximately _. Momentum flux velocity ratios of an isothermal free

Jet are presented in figure 11-18 for the potential core, a transition region at the

end of the potential core, and the region of fully developed flow. Many of the data

are presented, as in many references, in terms of a half-radius, that is, the Jet

radius at which the momentum flux velocity equals one-half the momentum flux velocity

on the Jet axis at the same longitudinal distance from the Jet orifice. The data

indicate that

(i) The potential core within which the flux velocity ratios are constant radi-

ally is approximately 3.5 Jet orifice diameters in length.

(2) The radius of the potential core could be expressed as

3.5 - x/dj (s6)
d_ 7.0

where

rp potential core radius at any longitudinal distance x

x longitudinal distance from Jet orifice

Velocity ratios within the potential core (less than 3.5 diameters downstream]

closely approached a single generalized curve. Within the transition region, however,
s different curve could be drawn than for distances farther dovnstre__m. Radial flux

velocity ratios, covering a range of Jet velocities from 166 to 801 feet per second

and distances from i0 to 30 Jet diameters downstream of the Jet orifice, were cor-

related by the following expression:

where

rl/2 half-radius at longitudinal distance x

Uma x velocity in x-direction on axis at longitudinal distance x

t_
_D
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Some data have been reported in reference 59 from an investigation of momentum

and mass transfer in coaxial Jets. Isothermal experiments were conducted with hOmo-

geneous mixtures of air and helium flowing from i/4-1nch- and 1-1nch-dlameter nozzles

into a coaxial stream of air in a 4-inch-diameter duct. Extrapolation of the re-

sults to the case of a free Jet, that is, zero coaxial stream velocity, shows that:

(i) The potential core is 4.0 Jet orifice diameters in length.

(2) The velocity in the fully developed flow region (downstream of'%he potential

core) can be represented by

Urn---_ = + cos

(s8)

The potential core length is slightly larger than the experiment_l value (5.5

diameters) of reference 58 and the theoretical value (3.1 diameters) of reference 36.

However_ the lateral velocity distribution agrees approximately with the theoretical

distribution of Squire and Trouncer (eq. (50)) and fairly well with the experimental

curve of reference 38 (eq. (57)), as shown in figure II-18(c).

Axial velocity distribution within the fully developed flow region of the cir-

cular isothermal free Jets of reference 38 could be closely approximated by

U_x i

u-] = 0.15o8x/dj ($9)

where

Uj velocity of Jet

The curve of figure 11-19 and the experimental data agree closely with the previously

discussed theoretical analysis of a symmetrical Jet in which It was assumed, because

of a constancy of momentum at any Jet section, that

Umax _ i (6o_
X

This expression for axial velocity distribution agrees closely with an expression of
Squire (ref. 40), who recommended use of the relation

Umax 6.5

u-7 =xld--7 (611

Extrapolation of the data of reference 39 for coaxial Jets to a free Jet gives
the axial velocity distribution as

Umax 4

u-7 = (62)

The large discrepancy between equation (62) and equations (59) and (61) may be due
in part to the experimental configuration of reference 59.

Much data relative to axially symmetric free Jets in air have been summarized

in reference 40. Half-velocity radii in the fully developed flow region of a free
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Jet in air are presentedin figure II-20. Experimentaldata fromreferences58 and

41 and theoretical data from references 56 and 42 are also included. Reichardt

(ref. 42) expressed the half-radius at any longitudinal position as

rll= o.o725x (65)

This expression and the experimental data of reference 58 agree closely with the
data of figure 11-20, which indicate the lines of half-velocity radius to lie on a

cone of half-angle of 5° , with the apex of cone at the center of the Jet orifice,

for distances greater than i0 Jet diameters from the orifice.

A small amount of data included in reference 40 for 0.l-velocity radii is also

presented in figure II-20. For the 0.1-veloclty radii, straight lines emanate from

the center of the Jet orifice at an angle of 9.2 ° .

A small amount of experimental data pertaining to the velocity distribution in

two-dimensional Jets is available. For two-dimensional and axially symmetric free

Jets, theoretical analyses have indicated that:

i

(i) For two-dimensional Jets, Umax_xl-[_

(2) For axially symmetric Jets, Uma x _ i/x

Using these relations, Squire (ref. 40) infers that expressions applicable to axially

symmetric Jets may be applied to two-dimensional Jets by replacing ---(x/dj)with

(x/y)i/2 wherever (x/dj) appears. Howarth (ref. 35) presents some experimental

data from a previous investigator on the velocity profiles in a two-dimenslonal free

Jet and compares them with the theoretical distribution derived from the momentum-

transfer and modified vorticity-transport theories, both of which give the same

theoretical velocity profile. Excellent agreement of experimental and theoretical

data is indicated. The large amount of data on free Jets includes many expressions

for velocity distributions. For free Jets (excluding the Jets of ref. _9), recom-

mended expressions for the radius of the potential core_ and lateral and _xial ve-
locity distributions are equations (56), (57), and (59), respectively. Half- and

O.l-velocity radii can be determined from figure II-20.

Turbulent-flow temperature profiles: Experimental distributions of temperature

in axially symmetric free Jets are expressed in figure 11-21. Results are expressed
in terms of half-temperature and 0.l-temperature ratio radii. In the same manner

as the velocity ratios, the temperature ratios are defined as the ratio of the tem-

perature coefficient x at any point to the temperature coefficient Xmax at a

point on the axis in the same longitudinal plane. The temperature coefficient

has been defined in the theoretical section considering temperature profiles in

turbulent flow. For distances greater than 5 Jet orifice diameters downstream,

straight lines of half-temperature ratios lie on a cone of half-angle of 6.7 ° with

the apex of the cone at the center of the Jet orifice. For 0.l-temperature ratios,

the distance downstream must be greater than i0 Jet orifice diameters, and the
half-angle is 11.7 ° .

Longitudinal distribution of temperature in axially symmetric free Jets is

shown in figure 11-22. The temperature of the Jet remains approximately constant

for a distance of about 5 diameters, or the length of the potential core. For dis-

tances from i0 to 50 Jet orifice diameters from the orifice,

QD
CW
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4.8
_max --_ (e4)

This equation is recommended by Squire (ref. 40) as representative of the tempera-

ture distribution on the Jet axis. A better expression for axizl temperaturc _Is-

tribution, for distances from 5 to 20 Jet orifice diameters from the oriflce, it

_0
O_

-0.845

No experimental data showing the temperaturedistribution in two-dlmenslonal

free Jets were found. However, Howarth (ref. Z5) assumes that the agreement of ex-

perimental and theoretical temperature distributions in two-dimenslonal free Jets

is as good as with axially symmetric Jets.

Coaxial 0ets. - Velocity measurements: In general, only a free jet spreads

conically. Also, a boundary layer from the tube or nacelle containing the Jet may

have an important influence on the Jet when the stream velocity is an appreciable

fraction of the Jet velocity. As a result, correlation of experimental data has

led to general empirical rules concerning the characteristics of coaxial jets.

Squire (ref. 40) states that

Increase in radii of half-velocity or_

(66)
Jet orifice J \ Uj /

This expression should not be applied for longitudinal distances greater than 30

Jet orifice diameters downstream. For the same longitudinal distances and for

values of U1/U j less than 0.6, the velocity on the axis can be approximated by

Uma x - U_ x 6.5 (c7%

k_ - _'Tydj- 1 - o._{,&/uj) ,-.,

An approximation for the length of the potential core is

Potential core length_{ Uj _ (6P)

Forstall and Shapiro (ref. 39) present the following empirical equations for co-

axial Jets :

u1 (ss)
_:, +12T

u_ : 3%m : 4+12_--_ (v0)
uj - U1/d j \uj/
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uI -

o.s . '<#/I
dj = x/dj | (7Z)

_ U1

uj
rzl 2 - (x) (73)

h _ U1

r o -(x) Uj (74)

where

Lp potential core length

r radial distance from Jet axis

r o outer radius of Jet

rl/2 radius at which U = 0.5 (Uma x + UI)

Discrepancies exist between these equations and the empirical correlations of' ref-

erence 40. However 3 equation (72) approximates a similar theoretical equation of
reference 56.

Temperature measurements: In general, temperature measurements in coaxial

Jets are less extensive than velocity measurements. However, Squire (ref. 40)

suggests the following empirical relation based largely on the previous correspond-
ing velocity relation:

Increase in radii of half-temperature ratio} .(U, ujUIIor O.l-te_perature ratio circles above
radius of Jet orifice

(75)

This approximation applies at longitudinal distances of less than 30 Jet orifice
diameters from the Jet orifice.

The temperature coefficient _max at any point on the Jet axis can be approx-

imated by

(_j_ 4.8max = Z - 0.6(UI/Uj) (76)

_4
_q
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The use of the velocity basis for the preceding temperature approximations

reflects the inadequacy of experimental data. As indicated in the theoretical dis-

cussion of coaxial Jets, there is little agreement of velocity and temperature pro-

files. For coaxial Jets, recommended expressions for correlation of Jet size and

velocity parameters are equations (69) to (74) (ref. 39). Recommended expressions

for temperature parameters are equations (75) and (76) (ref. 40).

Normal Jets. - The penetration of gas Jets into gases moving normal to the Jet

are of special interest in the design of combustion chambers of turbojet engines in

which the openings for air admission are normal to the flow direction of the hot

gases. In general, the definition of Jet penetration and the degree of mlx]ng hav_

been arbitrarily specified by different _nvestigators. As a result:, different cow-

relations of experimental data have been developed.

Penetration: Experimental data indicating the relative penetration and m_x_m_

of Jets of cold air (temperature, approximately 575 ° R) with a normal flowing

stream of hot air (temperature, approximately 1350 ° R) are presented in refere_ce

37. Penetration was defined as the normal distance from the plane of the cold-,_Ju

orifice to the point of minimum temperature 1.5 duct widths downstream of the cr!-

fice center line. It is concluded in reference 57 that:

(i) For circular cold-air Jets of different diameters and a range of _eLo_ _

and temperatures of the two streams,

_Momentum, cold stream_!12- t

Penetration k l\Momentum_ hot stream / 1
_, Relative penetration, or Duct depth = k9 + lOl/_. Volumetric flow rate\ I

]_ Volume flow rate, hot )

Lk • /stre_om

('_7)

where k 9 and klo are constants. This relation holds until the relative pene-

tration becomes approximately 0.6, at which time the cold-air Jet approaches the

opposite wall of the duct.

(2) For the same open area, circular and square holes give approximately the

same penetration, while longitudinal and transverse rectangular holes give better

and worse penetration, respectively (fig. II-23).

(3) In general, main-stream turbulence reduces Jet penetration. Data express-

ing the effect of turbulence on jet penetration are very meager in the literature.

The qualitative results quoted herein may depend to some extent on how the ;_n-

stream turbulence is generated.

(4) Pressure losses are less for a given penetration by use of a sm_ll m_ber

of large holes than by use of a large number of small holes.

7

Results from a similar investigation in a l_--inch-square duct in which hot-air

Jets (temperature, approximately 1040 ° R) entered normal flowing streams of cold

air (temperature, approximately 600 ° R) through different shaped openings have been

presented in reference 43. Penetration was defined in the same manner as in refer-

ence 37, except that no limitations were imposed on the distance downstream of the

orifice center line. Relative penetration data were satisfactorily correlated in
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terms of either mass or momentum ratios of the hot stream to the cold stream.

Relative penetration increased with increases in either mass or momentum ratios.

The effect of hole shape on relative penetration was generalized by dividing the

relative penetration of Jets from equal-area holes of circular, square, and longi-

tudinally rectangular shape (ref. 57) by the longitudinal length of the hole

(fig. II-25).

Penetration data for heated circular Jets of air (temperature, approximately

860 ° R) entering normally a 2- by 20-inch duct filled with a stream of cold air

(temperature, ambient) flowing at velocities of 260 or 360 feet per second are pre-
sented in reference 44. Penetration was defined as the distance to the point at

which the temperature was i° R greater than the free-stream total temperature.

Data expressing the penetration were correlated by the expression

: 2. \ >lU1)

where

s longitudinal distance from Jet orifice center line

Uj velocity of Jet at vena contracts

U I velocity of normal stream

Oj density of Jet fluid at vena contracts

pI density of normal stream

Penetration was unaffected by variations of Reynolds number from 0.6×105 to 5.0×105 ,

viscosity ratios of the two streams from 1.5 to 1.9, and ratios of duct width to

Jet diameter from 5.2 to 8.0.

A similar relation was found (ref. 45) for the penetration of liquid Jets of

water injected normally from small, simple, orifice-type nozzles into a high-

velocity stream of air (velocity, approximately 700 ft/sec). Penetration, defined

as the maximum penetration of liquid at any longitudinal position, was determined

photographically. The data were correlated by the following empirical expression:

_O

_o

C_]: u 0.95 p o.v4 o.• u1/ \oii _ j/ (vg)

Temperature distribution: No data indicative of the temperature profiles of

a cold Jet entering a normal mowing stream of hot gases were found. Howewer, the

entry of hot gases into a normal moving stream of cold air has been investigated

(ref. 46). Temperatures of the hot gases ranged from 860 ° to 880 ° R; orifice

diameters ranged from 0.250 to 0.628 inch; and free-stream vmlocities ranged from

160 to 590 feet per second. Orifice pressure differentials, which were much high-

er than would be encountered in turbojet combnstors, ranged from 1.20 to 3.70. A

method was presented for simple determination of the temperature profile downstream

of the Jet orifice. The procedure involves determination of the penetration of the
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Jet at two positions and determination of the upper and lower slopes of the profile.

The slopes of the profile are functions of severs] dimensionless ex_onential rotf_s

in which the exponents are functions of the test equipment and co:.ditions. The

maxim_r temperature difference at any downstream position was found to be a func-

tion of the difference between Jet and maln-stream temperatures, and the r:_t_os _Y

Jet orifice diameter to maln-stream width and longitudinal distance downstream.

Figure II-25 is recommended for determining the penetration of single co!d-air

jets entering a flowing stream of hot gases. This figure is more mpplicmbie to the

design or analysis of turbojet combustors which have low orifice pressure ratios.

For penetration of gas Jets from orifices having high pressure ratios, equation

(78) is recommended.

Oblique Jets. - Penetration: Data expressing the effect of fluid jet_ _zi×ir_"

with fluids flowing at angles other than 0 ° or 90 ° are meager. The invest'[<,_t-rs

of reference 55 varied the entrance angle of hot circular Jets to include ang!_:_ c :_

i o

22_ , 45 °, 90 ° , and 155 ° with the direction of flow of the main stream. In gener-_!.

maximum and minimum penetrations were obtained with jets at 90 ° and 92 if-° tc the
....7_

direction of flow of the main stream for all momentum ratios and df stances d_wv -

stream of the Jet orifice center line. For angles of 155 ° or 45 °, the better '_zrlc

for penetration was dependent upon the position downstream and the moment_m r-t_ o';

the two streams. Representative data are presented in figure II-24 (ref. 43) b_

terms of relative penetration of the Jets.

Temperature distribution: Data expressing the temperature distribution in ob-

lique Jets are meager. However, Squire (ref. 40) presents general data for the

distribution of temperature in a hot Jet entering a cold stream from a 1-inch-

diameter circular orifice in the wall of a 5-1nch-diameter duct. The angle botweer

streams was 15 °. Representative data for this configuration are presented _n fig-

ure 11-25. With increasing main-stream velocities, the spread of the jet is re-

duced and the center line of the temperature profiles is bent downstremm. In ad_]i-

tion, at a stream-to-Jet velocity ratio of approximately 0.4, the center line of

the Jet becomes parallel to the main-stream flow at approximately 8 inches down-

stream of the center of the Jet orifice.

Multi21e _ets. - Multiple Jets and their interaction or combination are of

special interest in the design of combustion chambers in which alr openings mre

generally closely spaced. In addition, the interaction or coalescence of jets may

be important in the design of several Jet engines mounted together to form a single

propulsive unit.

Free-Jet velocity distribution: Qualitative data are presented bj Squire

(ref. 40) for two 0.6-inch-diameter Jets, with centers 2 inches apart exhausting

into still air. At a distance of 17 Jet orifice diameters downstream of the nl:_n_

of the orifices, the velocity distribution indicated the separate Jet or_us. _\+

45 Jet diameters downstream, the Jets had coalesced, and a single Jet-velocity dis-

tribution existed. As a rough approximation to determine the ve]oclty at any po_t

in a field of two adjacent free Jets, Squire suggests that

U 2 = UD2 + I_ (_0)_
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where

U velocity at point with both Jets

UD velocity at point in first Jet

UE velocity at point in second Jet

In addition, Squire states that a row of Jets coalesces and behaves as a two-

dimensional Jet at sufficient distances from the orifices. At distances greater

than i0 times the distance between the centers of the individual orifices, the flow

will approximate the flow for a two-dimensional Jet of the same momentum per unit

length.

Free-Jet spreading and interaction: Spreading and interaction of adjacent free

Jets from circular orifices have been investigated by the NACA (unpublished data).

Pressure differentials across the orifices were much higher than those usually

found across orifices in combustion chambers of Jet engines. The Jet boundary was

arbitrarily defined as the point at which the ratio of the Mach number at that

point to the Mach number of the Jet expanded isentropically to exhaust ambient

pressure was 0.ii. Figures II-26(a) to (d) include data showing the Jet boundaries

at various positions downstream for several orifice pressure differentials and Jet

spacings. From these data, it is apparent that the distance before interaction of

adjacent Jets occurs decreases with increasing pressure differentials and decreas-

ing spacings between Jets. For some low orifice pressure differentials and large

spacings between Jets, interaction of the Jets does not appear to occur within the

region of the potential core.

Free-Jet temperature distribution: A small amount of data showing the temper-

ature distribution in the wake of two adjacent Jets is also available (unpublished

NACA data). Radial distribution of temperature of two Jets at temperatures of

1410 ° and 540 ° R are shown in figure II-26(e). At an axial distance of 6 Jet diam-

eters, the generalized temperature profiles of the hot Jets were approximately the
same as those of the cold Jets. Figure II-26(f) includes temperature profiles of

two hot parallel Jets from the exhaust of a rocket. The data have been generalized

in terms of the previously defined temperature coefficient _. For the particular

Jet spacing, the spread of the high-temperature Jets at any axial position de-

creases with increasing Jet temperatures. Radial distances for constant values of

increase to a maximum before decreasing with increasing longitudinal distances

from the plane of the nozzles. Similar data were found by Sloop and Morrell

(ref. 47).

Normal Jets: Multiple gas Jets entering normal flowing gas streams are dis-

cussed briefly in reference 37. No qualitative data are presented. However, in-

cluded schlieren photographs indicate that two orifices in line in the flow direc-

tion give better penetration than orifices staggered in position. In reference 37.

it is suggested that the mixing with circular openings in line is similar to that

with longitudinal slots. For longitudinal slots, it is hypothesized that the wake

of the upstream half of the Jet allows the downstream half to penetrate farther

into the hot stream than would be possible otherwise. It is also suggested that

the optimum distance between jet center lines should be approximately 2 Jet orifice
diameters.

Orifice coefficients. - Determination of mass flows through openings in com-

bustion chambers requires a knowledge of the orifice pressure differentials and

_O
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discharge coefficients. Much data are available pertaining to the discharge coeffi-

cients of orifices in a plane normal to a fluid flowing in a duct. However, in c_m-

bustion chambers of ram-Jet or turbojet engines, the relative position of c[cuincs

and the presence of flame and crossflow of gases generally lindt the app!icabi_*_ _.

cf such data. As a result, various investigators have attempted to simulate the

flow conditions in combustors for experimental determination of orifice coefficients.

Some of the parameters investigated in the experimental study of flow <oefff-

cients are orifice sizes, shapes, and pressure differentials, and velocities and

Reynolds numbers of the gas streams. Callaghan and Bowden (ref. 48) determined the

discharge coefficients of gas Jets normal to air streams as a function of c_if_eo

pressure differentials and Jet Reynolds numbers for circular, square, and e]il_ti-_2

orifices. The effect of air-stream velocity was also investigated. However, most

of the data presented are for much higher orifice pressure differentials than would

normally be encountered in Jet-engine combustors. For orifices of the same area.

elliptical orifices (with the major axis parallel to the direction of flow of the

main stream) had higher discharge coefficients, followed by square and circular

orifices. The discharge coefficient increased with increases in major-to-minor

axis ratios. These results agree in general with the results of reference 37, _n

which maximum penetration of Jets from longitudinal slots was compared with that or'

circles and squares of the same area.

The experimental data of reference 48 were correlated in terms of jet Reynolds

numbers and orifice pressure ratios. For jet Reynolds numbers from 0.3XI0 S to

3.6XI05 and orifice pressure ratios from 1.15 to 2.09, the following correlations

were obtained for Jets emanating from sharp-edged orifices into still air:

Circular orifices:

Ch

-_-= 0.948 + 4.85 (Rej×10 -4 + 55.8) -1

= 0.151 Pt'J + 0.44

Pj

Square orifices :

C h

-_ = 0.916 + 7.50 (Rej×lO -4 + 74.0) -1

= 0.150 Pt,J + 0.467

Pj

Elliptical orifices:

C h / ReiX i0-4 • -i

-_- : 0.964 + 0.130_ v B + 0.6 9 (_)

= 0.149 Pt,J + 0.469

Pj

= 5.97- pt'j - 4.17

Pj
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where

Ch orifice discharge coefficient

pj static pressure of Jet

Pt,J total pressure of Jet

Rej Reynolds number of Jet

In addition, discharge coefficients for Jets entering main streams having veloc-

ities as great as 580 feet per second can be calculated from the preceding formulas.

However, the static pressure of the Jet must be calculated from the static pressure

of the main stream by use of the Bernoulli and contlnuity equations based on orifice

open area, using the main-streamwidth minus the maximum width of the Jet.

Some data are available indicating the effect of hole diameter, Jet Math num-

ber, and internal or external crossflow on the flow coefficients of orifices in a

6-inch-diameter tubular combustor liner. Typical data from reference 49 are pre-
sented in figure II-27. For 3/4-inch-diameter orifices in the 6-inch-diameter

tubular liner, a linear variation of discharge coefficient from 0_605 to 0.64 was

observed as Jet Mach number varied from O.10 to 0.42. These data are applicable

for zero crossflow and a maximum of 12 orifices. The variation is greater than

observed in reference 48; however, such differences may be attributed to different

experimental apparatus. With external erossflow, corrected discharge coefficients

decrease rapidly for orlfice-to-crossflow Mach number ratios less than 5.0 (fig.

II-27(b)). Corrected discharge coefficients increase with increases in ori-

fice diameter, with the increase becoming less marked with increasing oriflce-to-
crossflow Mach number ratios. The effect of internal or external crossflow on

corrected orifice d_scharge coefficients is presented in figure II-29 as a fraction

of the corrected discharge coefficient for zero crossflow. Over a large range of

oriflce-to-external or -internal crossflow Mach number ratios, the orifice dis-
charge coefficient is greater with internal crossflow.

Additional data indicating the effect of internal or external crossflow and

orifice pressure ratios are available in reference 50. Representative data for
zero internal flow and various external velocities with 3/8-inch-diameter orifices

are presented in figure II-30. For zero external crossflow, the orifice is similar

to a normal A.S.M.E. orifice in a straight pipe with a discharge coefficient of ap-

proximately 0.6. The discharge coefficient decreases with increasing external ve-

locities and decreasing orifice pressure ratios. These trends agree qualitatively
with the results of reference 48.

Much data within the range of orifice pressure ratios in the combustion cham-

bers of Jet engines are presented in reference 50. Representative discharge coef-

ficients of two circular orifices are presented in figure II-51 in terms of _P/qe

and various external-internal flow velocity ratios. In general, orifice discharge

coefficients increased with decreases in external-internal flow velocity ratios and

orifice diameters. The change in slope of the curves of figure IT-S1 is hypothe-

sized to be the result of opposite influences exerted by the internal and external

lateral velocities. That is, an interaction which is dependent upon the velocity

ratio occurs. For external-internal velocity ratios less than approximately 2, the

Internal velocity Is more important, with the external velocity being more important
at velocity ratios greater than 2.

6J
"O
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As a first approximation for use in combustion chambers of Jet engines, 0.6

should be used for orifice coefficients unless appreciable internal or external

crossflow exists. In such cases, a corrected orifice discharge coefficient can be

determined from figure II-28 for the proper orifice crossflow Mach number ratio

and orifice diameter, or ean be determined from figure II-R9 by multiplying by 0.6

the ratio Ch3cf/Chjco r for the proper orifice crossflow M_ch number ratio.

Either of these two values should then he corrected for the effect of Jet Math n'_-

bet by multiplying by Ch/O.8 where C h is read from figure Ii-27.

AERODYNAMIC MIXING

The aerodynamic mixing of mess_ heat, and momentum is of fundamental _mportaree

to many of the processes involved in converting the heat energy of fuel to an opt_-

mum distribution of momentum in the working fluid stream of Jet engines. The proc-

esses involving aerodynamic mixing include fuel-alr mixing, combustion, and Jet

mixing, all of which occur under turbulent flow conditions. For this reason, the

discussion of mixing emphasizes turbulent transport in high-velocity gas streams.

The mixing of quantities such as mass, heat, and momentum in turbulent gas

streams is accomplished by the gross transport of large groups of gas molecules by

means of the turbulent fluid motion, with local mixing proceeding by means cf mo-

lecular motion. The turbulent and molecular mixing of heat and mass follow the

same general laws, from which differential equations may be formed for use in the

solution of problems in the diffusion of mass and heat in turbulent streams. S(_lu-

tion of the differential equations of diffusion is complicated by the dependence of

the molecular diffusion coefficients on temperature and pressure, and the dependence

of the turbulent diffusion coefficients upon time. For appllcatJons where the mo-

lecular diffusion coefficient is constant or negligible compared with the t<mbuleut

diffusion coefficient, a generalized form of the differential equation of diffusion

may be used to obtain exact or graphical solutions for a wide variety of transport

problems encountered in Jet-engine eombustor design. The following sections _n-

elude a general discussion of the theory of turbulent diffusion, a discussion of

the solution of the differential equations of diffusion, a tabulation of solutions

of transport problems for a wide variety of boundary conditions, a discussion of

the effect of periodic flow fluctuations on transport, and appllcat_en_ of t_bu-

lent diffusion theory to problems in fuel-air mixing.

DIFFUSION

Fundamental Equations

Empirical laws of heat# mass t and momentum transfer. - The differential equa-

tions describing the transfer of heat, mass, and momentum arise from a set of simi-

lar empirical laws, each of which state that the flux of a quantity being trans-

ferred through a unit area is equal to the concentration gradient of the dlffus_ng

quantity multiplied by a coefficient. As shown in reference 39, these laws may be

tabulated for comparison between the molecular and turbulent cases as follows:
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Empirical law Diffusion of Laminar flow (molecular) Tt_rbulent flow

Fick

Blot-Fourier

I
L.........

_SS

Heat

Momentum

w_ _c
_-%_

__q__ x _T
= _0cpA

rg u Su
o oF

w _c

Q _m

Fg _U

where

concentration

C

p
isobaric specific heat

DH coefficient of turbulent diffusion of heat

DM coefficient of turbulent diffusion of mass

DU coefficient of turbulent diffusion of momentum

dM molecular diffusion coefficient (mass)

U mean stream velocity

X distance normal to A

F fluid shearing stress

x thermal conductivity

These empirical laws may be correlated by the Prandtl and Schmidt mnnbers, for
both the laminar and turbulent flow cases:

Number Laminar Turbulent

Pr andt i

Schmidt

l:'r T =_

Sc T =

Experimental data on the diffusion of mass, heat, and momentum are summarized In
reference 39 as follows:

UD
[J
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mo

Fluid

flowing

Air

Air

Water

Diffusing
material

Warm air

Helium

Salt water

_mi_ar flow Turb_,J]_nt2'S'5]
....... i J
...................I- N --I

Pr
I Sc PrT I SCT 1

Io.54 I I o.70 !

_"I__ Z85 ] ....... I- : _ 4 __ ]

From the preceding experimental results, it may be conclude r] th_ _ the t_Lrbui,:_t
diffusion of heat and mass occur at equal rates, since the turbulent Pr'Tr_!_] r_,

Schmidt numbers are essentially equal for the seDarate c-_ses rf mss_ nn] _o_{t

transfer. The latter conclusion is in agreement with the statislica! th_-rv <_f

turbulent diffusion_ which is discussed in the next section. A necossary iro-

requisite to the use of the empirically determined turbulent cliffus inn _'_,'fT_'f"....

is that the turbulent flow fields to be correlated must have prT_p<rt!_nr_i _ur_-

fence levels and similar turbulent velocity autocorrelation eoeffiW!entr. A fur-
ther limitation to the use of the dimensionless Prandtl and Schmi_9 numbo_<< _<ri<_:

from the assumption of a constant coefficient of diffuslon_ which _n sub_;r_t

sections is shown to be a function of time.

Differential e_uations of diffusion. - The differential eouations of" diff,< '_r
may be derived from the empirical Fick and Blot-Fourier laws by e_uatinK th_ _;r _uu_

of the diffusing quantity entering an infinitesimal volume to the time-rate of

change of the total amount of the diffusing quantity in that infinlteslm_l ,.-<]u,_

(refs. 51 and 52, p. 7). For the case of the combined turbulent and mn]ecu]sr

diffusion of mass without local sources or sinks_ the differential equag[on

becomes

_Y : _i + dMi

where t is time, and the X i are rectangular coordinates. If the turbulent

field is homogeueous and isotroplc, equation (84) may be simplified to

_C _2C
_y= (9_ + d_) -_

o^i
(l = 1,2,5) (8!)

The differential equation for the combined turbulent and molecular transport
of heat without local sources or siuks is

_--_ _c_D_i+_i)
(i = 1,2,3) (8_)

A transformation of the independent variable T (temperature) similar to that pre-

sented in reference 53 may be employed:

ST T
H = pep dT

r

(8v)
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where H is the specific euthalpy and Tr is a base, or reference, temperature.

With the use of this transformation, equation (86) may be written as

_H _ .;_7)XB-_7] (i= I,_,3) (88)

If the turbulent field is homogeneous and isotropic, and if the molecular diffuslv-

ity xi/Pc p is small, or nearly constant, and equal in all directions, equation (88)

may be simplifed to

_H < x____aeH_-: D_+ 0Cp/_7i (i : 1,_,3) (89)

Exact solutions of the preceding differential equations can be made for a

variety of transport problems only if the functional forms of the diffusion coeffi-

cients are known. The effect of temperature and pressure on the molecular transport

coefficients dM and x/pep for most gaseous systems can be found in the litera-

ture. The turbulent diffusion coefficients DM and D H can be determined exper-

mentally, or may be predicted theoretically from knowledge of two fundamental param-

eters of the turbulent field. The relation between the turbulent diffusion

coefficient and the parameters of the turbulent field is found in the Taylor theory

of diffusion by continuous movements, which is summarized in the following section.

_D

w_

Homogeneous, Isotropic, Turbulent Fields

Diffusion by continuous movements. - The theory of diffusion by continuous

movements, first presented in reference 54, is generally considered to give a funda-

mental description of the mechanism of turbulent diffusion. The theory provides a

coefficient of turbulent diffusion which may be used directly in equations (84),

(85), (88), and (89). As will be shown in subsequent paragraphs, this diffusion

coefficient is a function of two parameters that characterize all turbulent fields.

The first of the two turbulence parameters is called the intensity _, _"_,

or _, which defines the magnitude of the turbulent velocities in the three

Cartesian coordinate directions:

z/y FU
' X U

W

where U is the mean stream velocity, and the time averages u, v, and w are all

zero. The second turbulence parameter used in the Taylor theory is the I_amglan

double velocity correlation coefficient _ (sometimes called the autoeorrelation

coefficient) which describes the degree of correlation between the turbulent veloc-

ities of a particular fluid particle at time zero and at time t:
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UoU t

roy t

WoW t

where the _'s are functions of the time interval t, and where the double bar 0vcr

the product of instantaneous velocities denotes an average of a Ismge number off

particle motions.

When the turbulent field is homogeneous ( U_o = _t2, etc.), the Lagra_gi_n

correlation coefficients may be written as

UoUt
_u= _--_--

u z

roy t

_v = v2

m

WoW t
_w =_

w 2

From the definition of the correlation coefficient _v, an integral eq_ztlon may b_

written:

Since the mean displacement

tv 0 vt dt = V _ _v dt

\, k

(90_

of a large number of fluid particles is g_ yen by

JO t= v dt

and since

d---_ dy 2Y = Y i

dt 2 dt
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equation(90) maybe written as

t_ : _v dt
(91_

As shown in references 55 and 56, the quantity

turbulent diffusion coefficient D, so that

B

i dY 2
d-_- corresponds directly to the

f2D u = u _u dt

= 7_v dt (93)D v
Jo

Dw = wZ< _w dt (94)

The turbulent diffusion coefficients derived in the previous equations make no

distinction between the transport of heat and mass, and are therefore considered to

be applicable to both equations (85) and (89). It is of particular significance to

note that the Taylor theory assumes a homogeneous turbulent field where the values

of the various intensities and correlation coefficients do not change with position

in the field.

Correlation coefficient. - Direct measurements of the Lagrangian correlation

coefficient _ does not appear to be feasible by conventional anemcmetry tech-

niques, since by definition the motion of a particular particle must be observed

over a finite length of time. An Eulerian double velocity correlation coefficient

_' has been defined by Taylor in reference 57 and generalized by yon KgrmAn and

Howarth in reference 58. The Eulerian correlation coefficient _' describes the

degree of correlation between fluid particle turbulent velocities at two different

points in the field at the same instant. For a homogeneous turbulent fieldj the

Eulerian correlation coefficients of interest in the present discussion are these

relating the turbulent velocity components at the point (O,O,O) and (x,O,0):

u0ux

_u u 2

w

VOVxT

glv v2

w

WoW x

_w : w2

The correlation coefficient _' can be measured directly by conventional anemometry

techniques (refs. 59 and 60), but to date a relation has not been found between the

UD
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Lagrangian and Eulerian correlation coefficients. The distinction between the two

correlation coefficients is illustrated in the following diagram of particle posi-

tion and turbulent velocity components:

Iy Path of part_ _

Pa of par icle b

It is evident from this diagram that measurement of velocity components at the

points (0,0,0) and (x,O,O) cannot result in the true Lagrangian correlation _ of
either particle a or b.

A turbulent diffusion experiment reported in reference 61 has indicated that

the Eulerian scale of turbulence _' may be roughly equal to the Lagranglan sca_e

for turbulence Reynolds numbers (_u2_")Iv _ I00, where theof turbulence

Eulerian and Lagrangian scales are defined by

_W = _ _0 *w dt

While the equivalence of the Lagrangian and the Eulerian scales has not been fully
established, it appears to be a fair approximation and will be used herein for

purposes of illustration. Dryden has noted (ref. 62) that measured correlation co-

efficients commonly follow the exponential form, and suggests that the Lagrangian

correlation coefficient might have the form
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_v = e-tlt_ (95)

where t_ is a characteristic time related to the Lagrangian scale by definition:

_v

G
The exponential form of the Lagrangian correlation coefficient was found in a dif-

fusion experiment reported in reference 63, and is used for illustration hereSn.

An exponential correlation coefficient is shown in figure 11-32 for typical ram-Jet

combustor approach-stream conditions of 300 feet per second mean stream velocity,

iS feet per second turbulence intensity, and 0.15 foot Lagrangian scale.

In practice, the Lagrangian microscale of turbulence k may have an appreci-

able effect on the form of the correlation coefficient (ref. 6]). The _icroscale

is defined by the relation

t 2
_= 1 - -- (t <<kt) (96)

X2

and its effect on the correlation coefficient is shown in figure 11-52 for a micro-
scale value of 0.0416 foot.

The turbulent diffusion coefficient Dr, which results from the correlation

coefficient _v shown in figure II-32, is plotted in figure II-33 as a functio_ c_

time t and of the distance downstream x through the transformaticn x = Ut. in
order to illustrate the effect of turbulence scale on the turbulent diffusion ce-

efficient, curves are also shown in figure II-35 for a range of scale _ralues, all

other parameters remaining the same. The curves show two characteristics of the
turbulent diffusion coefficient:

(i) For small times (t<<t_), or short distances (x <<Ut_), the eddy diffu-

sion coefficient follows the form

D v = _-_t

(2) For large times (t > >t_), or large distances (x >)'Ut_,). the eddy diff_-

sion coefficient follows the form

D v = _Ip v

It is of particular significance to note that the turbulent diffusion coefficient

is not constant, as assumed in empirical treatments of diffusion, but is in reality

a function of time, which may have a very large variation in the range of Interest
of processes such as fuel-alr'mixing.

Turbulence s2ectrum. - Taylor has shown (ref. 64) that the Eulerian correlation

coefficient _' is related to the one-dimensional turbulence energy spectrum by the

Fourier transform integral

Cq
_D
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,,o F(1)co.dl
where the spectrum density function F(/) represents the fraction of the total

kinetic energy which lles between the frequencies / and / + d/, so that

(9v)

 0"7( _(_ d/= u2 (gs)

The spectrum density function Fv(20 shown in figure II-34 corresponds to an

Eulerian correlation coefficient of the exponential form

, = e _J" (gs)
_v

This short discussion of the relation between the correlation coefficient and

the spectrum density function is presented to serve as a possible insight into the

nature of the Lagrangian correlation coefficient in cases where flow fluctuations

are present in addition to those due to turbulence proper. The effect of abnormal

spectra on turbulent diffusion is discussed in a succeeding section.

Comparison of turbulent and molecular diffusion. An excellent measure of
diffusion is given by the quantity m, which is equivalent to the square of the

standard deviation used in the theory of statistics. The standard square deviation

due to turbulence is related to the turbulent diffusion coefficient by the

expression

Y_TT _0 t (i00)_T = -_ = D v dt

In a similar manner, the standard square deviation due to molecular motion is re-

lated to the molecular diffusion coefficient by (ref. 55)

t%= V= dM dt (_ol)

Methods for the determination of the total standard square deviation _, _bere

_=_T +_L

are discussed in a subsequent section on the standard square deviation. At present,

it will suffice to note that the greater the value of the parameter 8, the greater

will be the degree of mixing. Comparison of the turbulent and molecular standard

square deviations must be based on the form of the correlation coefficient, since

the turbulent diffusion coefficient depends directly on the correlation coefficient

as shown by equation_ (92) to (94). For purposes of comparison, a correlation co-

efficient of the form given by equation (95) has been assumed, and the turbulent

and molecular mean square deviations are plotted in figure 11-35 as a function of

time for various values of the paran_ters dd_v 2 and _v_/_v.
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Onthe basis of the precedingdiscussion,a comparisoncanbe madefor a model
of practical interest: the diffusion of isooctane in a turbulent air stream. For

this comparison, the molecular diffusion coefficient has been optimized by assuming

a low static pressure of 0.25 atmosphere and a high static temperature of i!00 ° R.

At these conditions, the molecular diffusion coefficient d has a value of 0.000774

square foot per second. The turbulent standard square deviation _r for a mean

stream velocity U of 500 feet per second, a turbulence intensity _ of 15 feet

per second, and a Lagrangian scale of 0.15 foot, was calculated from equation (i00)
using the turbulent diffusion coefficient shown in figure II-33. The turbulent and

molecular standard square deviations are shown in figtLre II-36 as a function of

time. While the molecular standard square deviation is negligible in this diffusion

model over the range of interest, this may not always be the case. For example, the
times and distances over which diffusion occurs in flame fronts are so small that

the molecular diffusion coefficient might become significant.

Generalized form of differential equations of diffusion. - Solutions of the
differential equation of diffusion with constant coefficients have been treated for

a wide variety of boundary conditions in references 52 and 65. Equations (85) and

(89) for the combined turbulent and molecular diffusion of mass and heat, respect-

ively, have coefficients that are functions of the independent variable time t, but

may be transformed to equations with constant coefficients through the relations

_0 t_L = (DL + dL) dt (102)

o_ = DH + dt (103)

Methods for the determination of the standard square deviation _ are discussed in

a subsequent section on the standard square deviation _. With the transformations

(102) and (I05), equations (85) and (89) become, respectively,

_c _2c

_H _2H

which are amenable to the same solutions as the differential equations of diffusion
with constant coefficients.

Several methods have been evolved for the solution of the differential equa-

tions of diffusion for the various boundary conditions corresponding to the type of
diffusion source. The method to be followed herein is that which utilizes the in-

stantaneous point source in derivations for all source configurations. In addition

to its value in the more complex derivations, the point source model adequately de-

scribes some diffusion systems of practical interest, and is therefore treated in

more detail than the complex models. Since equations (104) and (105) are identical

except for the symbols defining the dependent variables, their solutions are also

identical. Hereinafter, the equation for the diffusion of mass will be used, with
the understanding that its solutions and those for the diffusion of heat are
identical in form.

O4
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Point source. - The solution for a point source of diffusion is given in ref-

erence 65 (p. 338):

where

C

r

x

[(x-Ut)2 + r2]

c = I_ _ (io_
(4_) g/2 e

concentration of diffusing quantity at point (x,r) and time t, Ib/cu ft

strength of point source, ib

radial distance from streamline passing through point source, ft

distance downstream from point souree_ ft

standard square deviation of fluid particles, sq ft

The value _ is a function of time as illustrated _n figure II-S@(a) and may be

determined from equation (102), or by methods discussed in the next section.

As shown in reference 56, the instantaneous point source solution may be used

to solve for the case of a continuous point source. The concentration C at

point (x,r) is obtained by a summation of contributions to that point by instan-

taneous point sources located at the point ((x - Ut),0,O):

. "'_x_Ut_ 2 * r 2

w_ _ 1 - 4_

c = _Jo _ e dt (_0_

where _ is the welght-flow rate (ib/sec) of material issuing from the point

source. With the exception of the limiting cases of very small and very large dis-

tances from the point source, the functional form of _ does not permit direct

integration of equation (107). To permit comparison with several approximzte farms

to be discussed, equation (107) has been solved graphically and plotted in figure

11-37 for the following conditions:

Fluid ..................................... Air

Mean veloelty, U, ft/sec ........................... 300

Static pressure, atm ............................ 0.25

Static temperature, oR ........................... ]!00

Turbulence scale,_fu =_fv =_w, ft ..................... 0.1.%

Correlation coefficient,_u =_v = _w ................... e -t/t_

Fuel .................................. Isooctane

Molecular diffusion coefficient, sq ft/sec ............... 0.000774
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For small times t <<t/_,

be approximated by (ref. 56)

x
<<

_x 2 2+ r

and x>>y,z, equation (107) can

U2r 2

C U 2v2x 2

_IF = _ e
2_v2x 2

(108)

For large times

has the approximate solution (refs. 56 and 66):

U[x- (x2*r2)ll _]

C i 2 _v

: (x24_ + r2)I/2 e

t ••t_,, neglecting diffusion in the x-direction, equation (107)

(109)

Another solution for large times t ••tlp and for x •y,z is given in reference 67:

Ur 2

C i 4d'-_'_vX

V_: e (no)
4_ J'_/_v x

The approximate solutions given by equations (108) to (Ii0) are compared with the

exact graphical solution in figure 11-57, and it is evident that these solutions

hold only for extreme values of x or t.

An approximate solution which is apparently more nearly exact than the preced-

ing ones is given in reference 68:

r2

C I 4_

: 4_ e
(III)

where _ is evaluated at t = x/U. Equation (iii) is shown in figure II-BT, and

follows the exact graphical solution throughout the range of interest. Through the

use of equation (Iii), the effect of the scale and intensity of turbulence on fuel-

air ratio profiles downstream of a point source may be shown as in figure 11-38.

When the rate of fuel injection is a function of time W#(t'), the diffusion

problem becomes that of a transient point source with a solution as given in refer-

ence 65 (p. 339):

tO
04
_9
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04
h9
Ob
--J

1 _0 t WJ - [(x-Ut '4<0,)2_ r 2]
c : e dt, (n?)

where m' is the standard square deviation evaluated at the tlme t - t' by the

use of equation (102) and methods described in the following section. The possi-

bility of an analytic solution to equation (112) depends upon the functional form

of W_, even when diffusion in the x-direction is neglected, with the !ntegrat!on

performed over x. In cases where analytic solutions are impossible, recourse must

be made to graphical integration or to differential analyzers (analog computers)

such as described in reference 69.

Standard square deviation. - As discussed in a preceding section entitled

Correlation coefficient, the Lagranglan parameters of turbulence cannot he measured

by existing anemometry techniques, and further, a relation between the Lagrangian

and Eulerian parameters has not yet been found. This state of the science does not

allow direct mathematical or graphical determination of the standard square devia-

tion _ through equations (92), (9Z), (94), h02), and (10_). Two a]ternat:ves are

possible, the first of which is based on the assumption of equality between the

Lagrangian and Eulerian scales of turbulence _' and _', and similarity in form

between the Lagrangian and Eulerlan correlation coefficients _ and _' If this

alternative were used, the Lagrangian parameter _ could be estimated from Eulerian

measurements of the turbulent field under consideration, and the standard square

deviation could then be determined analytically or graphically from equations (92),

(93), (94), (102), and (103).

The second alternative involves the indirect measurement of the standard sq_.re

deviation _ in the field of turbulence by utilizing known solutions for continuous

point or line sources. This method has essentially been employed in references 61

and GS, and is described briefly herein for the case of a continuous point source

of diffusion. Inspection of equation (Iii) reveals that if the concentration C

of a gas were known at a number of points (x,r) downstream of a point source emit-

ting the gas at a continuous known rate Wf into a turbulent stream flowing at a

known velocity U, the standard square deviation _ could be determined as a func-

tion of t = x/U. The instrumentation and equipment for such measurements would

consist of a gas supply and tube injector, sampling probe(s), and a gas-concentration

sensing instrument. The standard square deviation _ determined from such measure-

ments could then be used in any equation shown in table II-I for the solution of

diffusion problems having more complex source configurations, boundary conditions,

or both. Of the two alternatives, this method seems to offer the best promise for

accurate results and is recommended until more is known about the relation between

the Lagrangian and Eulerian parameters of turbu/ence.

Line z plane_ surface I and volume sources. - As mentioned previously, the in-

stantaneous point source solution may be used in the solution of all diffusion

source configurations. The concentration C at a point (x,r) is found by summing

the contributions to that point from the infinite number of point sources which

form the particular source configuration under study. Derivations of solutions for

the various source configurations are not given herein, but a summary of equations

is given in table II-I. Detailed derivations of these equations can be found in

the references listed in the table. Many of the equations in table II-I do not haw_

analytic solutions; hence, resort must be made to simplifying assumptions, graphi-

cal solution, or analog computers before direct solutions can be obtained.
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Nonisotropic Turbulent Flow Fields

The preceding discussion on the theory of turbulent d_ffusion and solution of

the differential diffusion has assumed that the turbulent field is homogeneous and

isotropic, which may reduce the applicability of the results in most Jet-engine

flow fields. Several ._thods for treating fields other than isotropic or homogene-

ous have been found and are discussed in following paragraphs.

Homogeneous fields. - Freukiel has suggested (ref. 56) solutions to diffusion

problems for cases where the turbulent diffusion coefficients are linearly related

by

where kv and kw are constants of proportionality. If the molecular diffusion

coefficient is negligible, equation (84) may be written

1 _C _2C 1 _2C i _2C
.... + ---- (I13)

_ _-i_+k_y2 k_

which may be transformed by the relation

a'h= _t Du dt

into a generalized form

8C 32C 32C 82C

_=_-]_+ _(kvy)_+ _(_z)2 014)

The solution to equation .(114) for an instantaneous point source of diffusion is

[(x-Ut) 2 + k2y 2 + k_ 2]

W*k_ _u
C = (I15)

(4z_Ju)3/2e

Solutions for other source configurations may be obtained by the summation method

described in the preceding sections.

Nonhomogeneous fields. - Diffusion processes may occur in portions of the jet-

engine stream having appreciable turbulence intensity and velocity gradients, so that

the turbulent diffusion coefficient may be a function of both time and space (assum-
ing neglible molecular diffusion):

Du = fu6t)Fu(X )

Dv = fv(t)Fv(Y )

Dw = fw(t)Fv(z )

tC
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In this case, the differential equation of diffusion becomes

_c
_C fu(t)_[Fu(X,_x]+ fv(t)_ [Fv(Y)_v]+ fw(t)Tz[Fw(Z)_z] (116)_: _L yJ

Successful solution of equation (13_1) depends on the complexity of the space-time

equations for the diffusion coefficients Du, Dr, and D_,

t_
rO
O_

Turbulent Flow Fields Containing Periodic Flow Fluctuations

As mentioned in preceding sections of this chapter, flow fields encountered in

Jet engines may be substantially different from those found in fully developed tur-

bulent flow in pipes or in turbulent flow behind grids. Since theoretical and ex-

perimental work in turbulent diffusion has mainly been confined to turbulent pipe

flow, or flow fields behind grids, it is of interest to consider the effect of ab-
normal flow fields on diffusion.

Measurements of axial and lateral kinetic energy spectra (ref. 70, fig. 14)

and of sound spectra (ref. 70 and discussion in ch. VIII) have indicated that flow

fluctuations may be present in the form of discrete periodicities or in finite

frequency bands. The spectrum density function for such turbulent fields may be
written as

m m

F(/)-- F(/)T+ (llT)

where

F(/) T

_(t - lpe_)

F(/)per

V_er

m

spectrum density function of turbulent kinetic energy

Dirac delta function

spectrum density function of periodic flow fluctuation of finite
band width

mean square of periodic velocity fluctuation

mean square of periodic velocity fluctuations having finlte band
width

total mean square of all velocity fluctuations:

: +V er+ (liB>

If the energy spectrum of a flow field is known, and can be represented by an

equation such as equation (I17), the Eulerian correlation coefficient can be calcu-

lated from equation (97). Although a direct relation has not been determined be-

tween the Eulerian correlation coefficient _' and the Lagrangian correlation co-

efficient _, it will be assumed herein that they are of the same form, so that the

coefficient _ can be estimated for turbulent fields having abnormal spectra.
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Sul0erimposed discrete periodicities. - To illustrate the possible effect of a
discrete periodic velocity fluctuation at a particular frequency on turbulent dif-

fusion, the flow field used for figure 11-37 is assumed to have an additional dis-

crete velocity fluctustion contribution at i00 cycles per second with a magnitude

of 30 feet per second. The spectrum density function for this field is

4_ - _Fv(/)= _ v2== + 5(I - ioo) (119)
' 2i2,,z .k.2

1 +t"V-) "

so that the Eulerian correlation coefficient becomes

X

cos---m-
(120)

It will be assumed that the Lagrangian correlation coefficient has the same form as
the Eulerlan correlation coefficient:

v-_ _rer 2_/t _121)
.v = _t2 e't/t'+ vt2 cos

from which the standard square deviation _ may be obtained:

= 2.24 t + 0.0225 (e -I00 t _ i) + 0.00057 (i - cos 200 _t) (1221

The standard square deviation as given by equation (132) is shown in figure 11-39
for two cases:

(i) Assuming that the turbulent diffusion coefficient may have negative values

(2) Assuming that the turbulent diffusion coefficient cannot have negative

values, and that where the theoretical relations have negative values,

the turbulent diffusion coefficient is zero

The standard square deviation shown in figure 11-36 is shown again in figure 11-39

for comparison. The concentration downstream of a point source of diffusion in

the turbulent field containing the discrete velocity fluctuation has been calcu-
lated from equation (iii) and is shown in figure 11-40 for both of the preceding

cases, along with the concentration for the turbulent field without periodic ve-

locity fluctuations.

Superimposed velocity fluctuations with finite band width. - By assuming that
the Lagraugian and Eulerian correlation coefficients have the same form, the stand-

ard square deviation may be evaluted for a turbulent field having periodic velocity
fluctuations of a constant mean square value distributed over a finite hand width

of frequencies. For illustration, the same turbulent field is taken, except that

a band of turbulent velocities of constant amplitude is assumed to lie between

lO0 and 150 cps. The standard square deviation for this assumed field is shown in

figure II-41, and the concentration downstream of a point source of diffusion Is

shown in figure II-42, along with the concentration profile that results from

the turbulent field with no periodic velocity fluctuations.

_O
tc
_O
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Summary

A comparison has been made between the empirical treatment of turbulent dif-

fusion and the Taylor theory of diffusion by continuous movements. It has been

pointed out that the empirical treatment does not fully describe the process of

turbulent diffusion, and may give misleading information when fundamental data are

applied to full-scale engine design. The Taylor theory of dlffusiou requires

quantitative knowledge of the Lagrangian parameters of the turbulent field under

consideration before solution to particular mixing problems can be made. Since

only the Eulerian parameters of the turbulent field can be measured by conventional

anemometry techniques, an alternative instrumentation is suggested to obtain the

Lagrangian parameters. This method would employ a simple point or llne source of

diffusion of mass or heat, respectively, installed in the flow region of interest,

and concentration sensing instrumentation at points downstream of the diffusion

source. The Lagranglan parameters could then be obtained from the measured con-

centration profiles, and used in the solution of mixing problems having more com-

plex source configurations. If future research provides a direct relation between

the Lagrangian and Eulerian parameters, the required data could be obtained by the
simpler anemometry instrumentation.

As pointed out in the preceding sections, periodic flow disturbances may

seriously affect the diffusive character of Jet-engine flow streams. For the

present at least, this may make generalization of the diffusion process impossible.

It is strongly recommended that turbulence measurements be made in full-scale en-

gine test installations whenever possible so that realistic fundamental experiments

on diffusion may be made. In addition to periodic flow disturbances, another com-

plication of the mixing problem is found in nonhomogeneity of turbulent fields.

The differential equations of diffusion are given for this case, but their solution
depends upon the particular mixing problem. Further practical experience in these

cases may provide reliable simplifying assumptions to the equations. A compilation

is presented in table II-I for a variety of diffusion source configurations. Ac-

companying each equation are notes to assist the choosing of an equation for a

particular mixing problem. A number of the source configurations and boundary

conditions do not allow analytic solutions to the differential equations of diffu-

sion; hence, recourse must be made to numerical, graphical, or differential analyzer
methods of solution.

FUEL-AIR MIXING

The mixing of fuel with the flowing stream in Jet engines is of considerable
importance in design practice. The fuel-air-ratio distribution at flame stabi-

lizers in ram-Jet combustors and turbojet afterburners has often been found to

affect the engine performance strongly. The initial mixlng of fuel and air, with

subsequent introduction of dilution air, has been found to be one of the most im-

portant processes in turbojet eombustors. The application of the diffusion equa-

tions to the mixing of vapor with flowing air and heat with flowing air to some of

the simple source configurations have met with substantial success, but much re-

mains to be done in this field. In particular, suitable relations between the

Eulerian and the Lagrangian turbulence parameters are needed in order to predict

the standard square deviation of a given turbulent flow field. Solutions for the

more complex source configurations and detailed knowledge of the turbulent field

in all types of Jet-engine combustor would be of considerable utility to both de-

sign practice and research. The following sections discuss the current status of

practical application of theory to fuel-air mixing, and present suggested extensions

to existing information on the fuel-air mixing of evaporating sprays in high-

velocity air streams.



II-62 NACARME54107

ExperimentsonDiffusion from SimplePoint andLine Sources

Theturbulent diffusion of hydrogenandcarbondioxide from a point sourcein
a flowing air streamhasbeenfoundto conformto equations(109) or (II0) as re-
ported in reference68. Aspredictedby the Taylor theory of diffusion by con-
tinuousmovements,the turbulent diffusion coefficient wasfound(I) to approach
anasymptoticvaluewith increase in distancedownstream,(2) to be approximately
directlyproportional to the meanstreamvelocity U (andhence _, since _/U
is substantially constantin fully developedpipe flow), and(3) to be proportional
to duct size (andhence_v' since I#v is proportional to pipe diameterin fully
developedpipe flow). A similar experiment,reported in reference63, hasshown
that the diffusion of salt water from a point sourcein a turbulent water etream
follows equation(1115,andthat the Lagrangiancorrelation coefficient follows
the formgivenby equation(95).

Thediffusion of naphthainjected at low velocity from a small tube into a
high-velocity gasstreamis reported in reference71, andwasfoundto follov equa-
tion (ii0) whenanempirically determinedturbulent diffusion coefficient was
used. Theturbulent diffusion coefficient wasfoundto be independentof stream
static pressure(over a rangeof 4 to 55 ib/sq in. abs), as predictedby the theery
of diffusion by continuousmovements.

Thediffusion of heat froma line sourcehasbeenreported in reference72,
andwasfoundto follow equation(1535,table II-I, where

m

1 (u zt + "5 t (1235tD = --

05,

which is in agreement with the theoretical standard square deviation for t ( <t2,,

as discussed previously herein.

The diffusion of heat from a line source in a turbulent stream has also been

investigated (ref. 61) through a range of time such that the Lagrangian correlation
coefficient could be evaluated. The mean temperatures in the heat wake behind the

line source were found to follow a simple form of equation (153), table if-l:

_T 4_
(124)

where the mean square deviation e was found to be a function of time, which

asymptotically approached a constant value.

Fuel Droplet Trajectories and Impingement

Aerodynamic mixing includes not only diffusion mixing of unlike gases, but

also the contact of liquid fuel droplets with a gaseous medi_-, into which the fuel

may vaporize. In a turbojet combustor, liquid fuel generally is introduced in the

form of a hollow-cone spray composed of fuel droplets that vary widely in size.

The fuel is rapidly disintegrated by recirculatory currents induced in the primary

combustion zone. In ram-Jet combustors, however, liquid fuel may be in the form

of a fine spray introduced longitudinally into a high-velocity air stream. Much of

the spray may be deposited upon the flame holders, the amount depending on the
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fineness of the spray and the gas stream velocity. It is suggested in reference 75

that the stability of flames behind a flame holder depends, among other things, upon

the liquid fuel that collects upon the bluff object. A possible explanation of the

entry of the collected fuel into the recirculatory zone downstream of the flame

holder is the rearward flow of the liquid ft_l to a do_rnstream point on the flame

holder, at which point the fuel is either sheared from the rod surface by the high-

velocity air stream or is partially vaporized by heat conducted from the flame

holder. Under either condition, much of the fuel is swept into the reclrctulatory

zone. With such a combustion system, the rate at which fuel collects upon the bluff

object, or the manner in which it is carried past (fuel droplet trajectories) can

be important in stable and efficient combuetion.

Reference 74 presents data for the trajectories of small water droplets moving

at high velocities past a cylinder in air. Data were calculated from the differ-

ential equations of motion of a particle. Variables included cylinder radius, air

velocity, viscosity, and density, and the droplet velocity, diameter, density_

Reynolds number, and drag coefficient. Data showing the maximum collection effi-

ciency of a cylinder, the angle beyond which no droplets strike, and the velocity

of impact of the droplets on the rod are presented. These data were calculated for

droplets of uniform size. In general, however, droplets in a combustor are not of
uniform size. Thus, although the data of reference 74 may not allow quantitative

answers, qualitative comparisons of different flame holders may possibly be
determined.

A detailed description of the method of calculating the data of reference 74

is beyond the scope of this report. In general, however, it was found that (ref.

75), for fuel collected on a cylindrical rod, the thickness of the fuel film de-

creases with decreasing fuel-air ratios and decreasing fuel viscosity, the point
of maximum film thickness moves rearward and the film shape undergoes a marked

change with increasing air-stream velocity, and the average velocity of fuel in
the film at a position on the rod 90 ° from the stagnation point increases with in-

creasing air velocity and fuel-air ratio, and decreasing fuel viscosity.

In reference 76, the families of curves of reference 74 are generalized into

a namrow range of curves by the use of several simplifyi_ asst_tions, q_ne total

collection efficiency of the cylinder, the angle beyond which no droplet i_inge-

ment occurs, and the droplet impact velocity at the stagnation point are presented

in figures II-45, II-44, and II-45 in ternm of B and 9 as follows:

B = _B' (125a)

B'

4r_UaPdr

B'= 9dc_a (l_Sc)

FRe a
Adr i 24

_-= _-q"jo C_edr d(Re_)
(lZSd)
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where

B,B ',@

CD

Re a

Reclr

rdr

Ua

A
S

_a

Pdr

dimensionless quantities

drag coefficient of droplet

cylinder diameter

Reynolds number of droplet based on air velocity Ua

Reynolds number of droplet based on velocity of droplet relative to air

radius of droplet

velocity of air

range of droplet in still air

Stokes' law range of droplet in still air

viscosity of air

density of droplet

These data, as the data of reference 74, can be used best for qualitative compari-
sons of different flame holders.

Turbulent Spreading of Evaporating Liquid Fuel Droplets from Fuel Injectors

Information pertaining to the liquid fuel distribution in fuel sprat in high-

velocity air streams is limited mainly to simple-orifice contrastream injectors.

References 77 and 78 relate the boundary geometry of liquid sprays from simple-

orifice injectors to spray variables such as injection angle, injection pressure,

liquid density, and Jet velocity; to injector variables such as strut shape and

orifice diameter; and to air-stream variables such as stream velocity and density.

L_quid concentration profiles resulting from oblique injectors and from complex

fuel injectors have not been reported.

The initial spreading of the fuel spray is due to the radial momentum imparted

to the fuel droplets by the injector, and is dependent on the variables discussed

in chapter I. Further spreading takes place by virtue of the mixing action of the

turbulent field, and has been found to follow the same general laws as the diffusion

of vapor or gas when initial spreading has been accounted for by assigning an ap-

propriate source configuration. Diesel oil concentration profiles downstream of a

slmple-orifice contrastream fuel injector and of a hollGw-cone spray nozzle are re-

ported in reference 71. For a low liquid Jet velocity, the concentration profiles
follow the equation

Ur 2

wfu -_D--_ (126)-- e
fl = 4gGaDX
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(where fz is liquid fuel-air ratio) which is identical tc eq-m%tion (ll0), table

II-I, if D = 4v2_'v as assumed in the reference. For a hi_wher llqu_d jet velor-

ity with the simple-orifice contrastream injector, the data of referencp 71 fit

the diffusion equation for a disk source:

Wf • .

ft - GaS2

t_
D0
(D

where ft is total fuel-air ratio, and where

U 4DXdo 'e-4D-'_ I /Ur'r_dr'* = _ e r O\_xx]

so that equation (127) is identical to equation (168), table II-I, if _)= D_U.

The function _ is plotted in reference 71 for a range of values of r/S and

US2/ZDx, and the disk source radius S was found to follow the empirical relaticn

/p_u_vll 3
s ll'2t_'f'm,2 
= _ofUf/

(_s)

Concentration profiles downstream of the hollow-cone spray nozzle also followed

equation (127) when an appropriate disk radius was used. It was found that the

empirically determined diffusion coefficient for liquid fuel droplets was Identical

for the three fuel-injection systems when air-stream conditions were held constant.

The experimental work discussed in the preceding paragraph suggests that

liquid fuel spreading proceeded at a rate independent of fuel droplet size, since

the concentration profiles conform to equations derived for continuous mediums. A

detailed photgraphic study of isooctane fuel sprays reported in reference 79 has

shown that the acceleration of evaporating fuel droplets to stream velocity was i_-

dependent of drop size for the stream conditions investigated. Analysis of the

data reported in reference 79 shows that t for the spray system stud_ed, the droplet

velocity conformed to the equation

Udr = U(I - e -33? t) (i79)

The time required for a fuel droplet to reach any station

fuel injector was

x downstream of the

i (i - e-33V t)] (IZC)x=U -E%V

Two such distance-time curves based on the data from reference 79 are shown in

figure II-46, together with the linear tlme-distance curves x = Ut correspond£ng

to the two stream velocities investigated in the reference.

The significance of equation (1Z0) is shown by further analysis of liquid f_ml

concentration profiles measured in the same fuel-injection system as the data of
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reference 79. This liquid fuel concentration data is unpublished, and was obtained

during the fuel-spreading program reported in reference 80. The liquid fuel con-
centration profiles follow a form based on equation (iii), table I!-I:

r z

wf(1-j) _,f (131)

f_ = 4_PaU_, f e

where

fraction of total fuel evaporated before reaching point at which f% is

measured

_I,f liquid fuel standard square deviation

Values of _,f were determined from the liquid fuel profiles at three different

stations downstream of the fuel injector for the same stream conditions used in

reference 79. Through the use of figure 11-46, the liquid fuel standard square de-

viation can be plotted as a function of time, as shown in figure Ii-47(a). As seen

from the figure, the diffusion coefficient D_,f for the liquid f_e! droplets is

independent of both time and stream velocity over the range investigated. The ex-

perimental data of reference 71 include values of the Diesel oil droplet diffuslcn

coefficient DZ,f at a fixed station downstream of the point sour:e injector for

a range of stream velocities from 200 to 460 feet per second. The droplet diffu-

sion coefficient DZ,f was found to be constant over this velocity range, which

corroborates the data of figure II-47(a). At the present time, no straightforward

analysis is available for explanation of the independence of the liquid fuel drop-

let diffusion coefficient from stream velocity.

A summary of unpublished data obtained in conjunction with the research re-

ported in reference 80 is shown in figure II-47(b), where the isooctane liquid rue!

droplet standard square deviation is plotted as a function of time. The time t

was found from equation (130) for each data point, with the ass_=Hption that the

liquid droplet acceleration was independent of stream pressure and temperature.

The data scatter indicates that either the liquid droplet diffusion coefficient

DZ, f or the liquid droplet axial acceleration, or both, may have a relation to

stream temperature and pressure. Further experimental data on the acceleration of

evaporating fuel droplets over a range of stream pressures and temperatures wo"_l_

be of great utility in evaluation of the numerical constant in equations such as

(129) and (130).

CC
?C
_T

Combined Spreading of Liquid and Vapor Fuel in High-Velocity Air Streams

The spreading of evaporating liquid fuel sprays is treated in reference 80,
where isooctane was injected from a simple-orifice contrastream injector into a

high-velocity air stream. The stream pressure and temperatures were varied over

wide ranges, and vaporization rates (ch. I) and total fuel-spreading parameters J

were evaluated from the total fuel-concentration profiles which followed the form

r 2

fo_2 -Y (132)
ft =--]---e
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where for is the over-all fuel-air ratio. Equation (132) is identical to equa-

tion (iii), table II-l, if J = 4<n. The total fuel-spreading parameter J was
found to follow the correlation

T 0.67 p0.49 - - 57 x0.76 0.0042 (135)J = 0. 0598 ___00) dO .79(1_) 0.85 PaO. +

While the correlations presented in reference 80 hold for fuel injectors and alr-

stream conditions used in the investigation, a more general analysis would apply to

any source configuration. The remainder of this section is devoted to a suggested

general analysis.

The diffusion model of an evaporating spray may be considered to have a source

configuration consisting of an infinite number of point sources of vapor fixed in

space at the coordinates (x',y',z'):

Point source

at (x',y.',z')

y, I
I

f
X I [ / Z t
_ .f

Z ....

Vapor concentration

at (x,y,z)
?
!

I
iy
I
t

/
t
[ fz

The point sources form a volume corresponding to the space swept out by the ]iquld

fuel droplets as they are swept downstream, and each point source releases _-apor

at a rate determined by the liquid fuel concentration and the vaporization rate _t

the coordinates (x',y',z'). The rate of release of vapor, or point source strength,

is given by

Wf = OaUf _ (154)

The liquid fuel - air ratio fz is a function of the coordinates (x',y',z'), and

its form will depend on the particular fuel-lnjection system under consideration.

For the slmple-orlfice contrastream injector studied in reference 80, the liquid

fuel - air ratio was of the form given by equation (131), which may be rewritten as

. . (x'2+ y2)
4_Wf(l-O) e ,f (155)

fl = 4_OaLk_ 1 ,f

The vaporization rate 8J/St appearing in equation (154) is discussed in chapter I.

If the drop-size distribution is constant across a particular station, as was the

case for the fuel sprays investigated in references 79 and 80 (and apparently in

ref. 71), the vaporization rate 3J/St is a function only of the distance x' The

functional relation between 8J/St may be found by the equation
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_x' _x'= t_ -= Udr _x' (136)

where the droplet velocity Udr may be obtained from data such as those of refer-

ence 79 (shown in eq. (129)) and the axial gradient of the evaporated fraction

8J/Sx' from data such as those of reference 80. The fraction of the total fuel

which has been evaporated at any particular station can be obtained as a function

of the distance x' from data such as those of reference 85, as discussed in

chapter I.

The vapor concentration at a point (x,y,z) (see preceding sketch) is given by

equation (177), table II-l, which may be written in terms of vapor fuel - air ratio

as follows:

_ZI_ O" . [(x-Ut) - x']2i _in e 4_f : (4.)s/2Oa

{I:° .Wf e dz' dy dx' dt (137)

For the fuel-injection system described in reference 80, the relations given by

equations (134) to (156) may be applied to equation (1S7):

(_o _x-ot)_- _,]_
f wf (_"i (1-j)__ e
: (4_)s/2oaJ° _ _,7

Ox'

- _,f - 4<0 _,f
e e

which may be reduced to

4_

f ----__

- [(x-Ut)-x']2 - _a)l,f+cD)1 " (l'J)Udr 8j 40)

-T e (_Z,f+_) _ e e _x dt

2_2_a Jo _"

(139)

While J and _,f are known functions of x', the integration over x' must

be carried out for a number of values of t for each particular point (x,y,z), so

that the graphical solution of equation (139) would be tedious, even with the aid

of a differential analyzer.
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Effect of Solid BoundariesandFlow-AreaChangesonFuel Spreading

Theeffect of duct walls or other solid boundariesonboth liquid fuel droplet
andfuel vapor concentrations is discussed in reference 71. The effect of wa]Is on

the liquid fuel concentration is indeterminant, since the liquid may either adhere

to the walls, or reatomize back into the stream (ref. 71). For the vapor case, an

exact solution has been obtained (ref. 71) for the vapor fuel concentration pro-

files downstream of a point source located on the center llne of a circular duct.

A graphical method for wall correction is proposed in the same reference, which

compares well with both experimental data and the exact theoretical solution. The

method essentially assumes that vapor is reflected from the walls and is directly

additive to the theoretical concentration profile for an infinite duct. An empiri-

cal method for graphically determining fuel concentration profiles in ducts of

changing area is discussed in reference 71.

Summary

Experiments on the diffusion of vapor and of heat from simple point and line

sources have substantiated many points in the Taylor theory of diffusion and in

the analytic solutions of the differential equations of diffusion for such source

configurations. The mean square deviation _ has been found to be a function of

time asymptotically approaching a constant value, and to be independent of local

static pressure.

In addition to the liquid fuel droplet spreading due to initial momentum im-

parted by the injection and atomization processes, liquid fuel sprays have been

found to further mix with the air stream by virtue of turbulence present in the

stream. Little work has been done on this subject to date, and available informa-

tlon seems to indicate that the turbulent mixing of fuel droplets follows the same

general laws as those for vapor if special consideration is g_ven to the aerody-

namics of the droplet. Data taken over a limited range of stream and vaporization

rate conditions seem to indicate that the turbulent diffusion coefficient for liquid

fuel droplets is constant, but no general laws have been substantiated by experi-

ment. A suggested model for the combined spreading of liquid and vapor fuel is

presented, and the mathematical analysis is carried to an integral form not subject

to analytic solution in its present form.

JET MIXING

Mixing of gases having different temperatures or different components may

occur in laminar flow or in flow having a turbulence that is either microscopic or

macroscopic in character. In laminar flow, mixing is usually slow and depends up-

on molecular diffusion. In turbulent flow, mixing depends upon eddy diffusion,

whereby eddies in one stream diffuse into the other streams, with a resulting in-

crease in the mixing rate. Microscopic turbulence arises from flow in a smooth

pipe at Reynolds numbers greater than the critical value, while macroscopic turbu-

lence results from obstruction or path changes in the mixing chamber. Mixing in

turbulent flow, especially macroscopic mixing, is probably of greater importance

in combustor design than any of the other forms of mixing. In general, mixing of

gases can be achieved by two major methods:

(I) Subdivision of streams

(2) Creation of turbulence
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Mixing of gas streams by stream subdivision is discussed by Minchin in reference

81. For two parallel streams of gases having equal velocities but different tem-

peratures, the lateral temperature gradient due to microscopic mixing alone co_d

be approximated by

Temperature gradient - 500(x) -0"61 (14o)

where x equals the distance from the Junction of the two streams, and the tem-

perature gradient, expressed in percentage of the maximum temperature difference

per inch, is measured over a distance of 0.04 x. These results were found to he

independent of the absolute velocities of the gas stream, as long as the velocities

were equal and the Reynolds numbers were above the critical value. For mixing be-

tween parallel streams varying both in temperature and velocity, little c_mnge was

discerned in the mixing near the mixing origin. However, the effect of the dif-

ferent velocity became marked at distances farther downstream. It was immaterial

which of the different temperature streams was the faster.

Variation of the angle of mixing between Jets has been fo_md to influence

mixing. However, as shown in the following table, the effect of the angle is
negligible for included angles of less than 45o:

Total angle

between Jets,

deg

Temperature _radients,
percent/in.

Distance downstream

from Junction,
in.

I 2.5

0 ---

i0 309

20 379

30 254

45 205

60 197

75 172

90 164

5.5 8.5 11.5

157 114 95

160 114 92.5

159 141 102.0

163 122 i00.5

151 95.5 60.0

i01 72 41.0

67 37 18.0

54 51.7 11.7

In general, mixing due to microscopic turbulence between parallel streams of

gases is quite slow. Mixing can be accelerated either by creation cf macroscopic

turbulence in the entering streams, for example, by use of sharp S-bends before

Junction of the stream, or by use of a turbulence-producing device at the stream

Junctions. With the latter method, turbulence-producing devices introduced at the

interface between streams to cause interlacing of the etrea_s produced best results.

Such devices are similar to flame holders used in some ram-Jet engines.

A possible method of mixing discussed in reference 81 is the use of a cylindri-

cal obstacle at the interface between two parallel gas streams. This mixing roll

creates a vortex trail composed alternately of gases from the two different streams

and provides gaps for penetration of gases from the opposite stream. Some data

are reported in which the diameter of a cylinder between two parallel streams of

gases at different temperatures was varied. Increasing mixing was obtained with

diameter increases from 1/4 to 5/4 inch. However, the increased mixing was ob-

tained at the expense of an increased pressure loss. Cylinders larger than Z/4
inch in diameter caused no improvements in mixing.
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The absolute velocity of the two streams with the mixing roll affects the de-

gree of mixing in that similar temperature distributions require the same time

interval for mixing. Differences in velocities of the two parallel streams hindered

formation of the vortex trail and reduced the degree of mixing, althougJu little

effect was noted at velocity ratios greater than 2:1. As with mixing wlth parallel

streams alone, it is immaterial which stream is the faster.

Some data have been recorded in which macroscopic turbulence was created in

each of the individual gas streams before mixing. I_ta in which i/2-inch-dismeter

cylinders or sharp S-bends were installed upstream of the Junction of parallel gas

streams indicate that large-scale upstream macroturbulenee reduces the mixing when

the mixing roll method is employed. However, in plain mixing between parallel gas

streams, mixing was improved by the introduction of upstream turbulence-produclng

obstructions. Mixing between two concentric gas streams differing in temperature

has been found to be similar to the mixing of two parallel gas streams. However,

the mixing roll method see_ to be more effective with concentric gas streams than

with parallel streams.

Pressure losses due to mixing of gas streams in the following three configura-

tions are discussed in reference 82 (complete mixing of the two streams after their

Junction is assumed):

(i) For normal gas streams, expressions similar to those defining pressure

losses due to heat addition can be utilized if the total-temperature ratio

Tt,4/Tt, 3 in equation (23) and figure II-10 is replaced by

'
Tt,3 W3/ + W3Tt,

where W 3 and W 3' are defined in table II-II. By use of this new value of over-

all total-temperature ratio, total-pressure losses due to complete mixing of two

perpendicular gas streams can be determined, from either equation (22) or fig-

ure II-10.

(2) The mixing of oblique gas streams is somewhat more complicated than the

mixing of perpendicular gas streams. Additional parameters derived in reference

82 include

(l W3' U3' _) (142a)B* = . + W3 U3 cos

c.: 4(+ = + 1 +- (14Zb)
W3/_Tt,3 W3 Tt,3/

where _ is the included angle between the gas streams. A new parameter o, which

is a function of B* and C* z is also defined. Values of °/C* for warious inlet

Mach numbers and values of B_ are presented in figure II-48. The value of exit

Mach number M 4 can be found by substitution of _Jfor Tt,4/Tt, 3 in figure

II-lO. Total-pressure losses due to mixing of the two oblique streams can be found

from the same figure by use of the following equation:
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(142c)

where M4 and (z_pt/Pt,3)no are determined from figure II-i0 as if for normal Jets.

(5) Mixing of parallel gas streams is treated in reference 82 in _ch the

same manner as oblique streams, except that a term which includes the ar_a ratio is

added. For mixing of parallel gas streams as shown in table lT-iI, the parameters
B* and C i are defined as

'2

+ US/

W3'\ _t 4 _ W3' _t_3 _

:e
(A i = ratio of Jet flow area A3 to mixed-Jet fl_ _ea _.) The p_eter

of fi_e II-48 applies to the case of parallel mixi_ as well as the mixing of

oblique Jets. As with other _thods of mixing, the exit _ch n_ber and total-

Tt, _ and use ofpress_e losses can be fo_d by substitution of 2 2 for /Tt,3,

fi_e II-10 and eq_tion (142c), which _so _plies for parallel gas strea_.
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CHAPTER III

IGNITION AND F_ILITY OF HYDROCARBON FUELS

By Frank E. Belles and Clyde C. Swett

INTRODUCTION

There are many influences, both physical and chemi_al, that may act to set

limits on ignition or flame propagation in fuel-air mixtures. The importance of

these limits in high-speed combustors is evident; they may give rise to conditions

in w_ich the mixture cannot be ignited, or, if ignited, is incapable of sustaine_

burning. It is the purpose of this chapter to discuss the experimental observations

of 2lame quenching and of the limits of flammability, flame propagation, and igni-

tion, and to draw from them some insight into the basic mechanisms that set the

limits. Although most of the results in the literature have been obtained for ho-

mogeneous mixtures and for single fuels rather than multicomponent fuels such as

those used in practical engines, there are many applications of both the data and

the ideas to the operating problems of high-speed combustors.

A flammable mixture is defined as one capable of propagating flame indefinitely

away from, and in the absence of, a source of ignition. That is, an i_nition source

such as an electric spark must be provided initially_ but a flammable mixture will

continue to propagate the flame even after the spark has been turned off, while a

nonflan_uable one will not. In the nonfla,_nable case, emission of light or som_ other

evidence of chemical reaction may be observed, but this persists only while the

ignition source is in operation.

A flammable mixture of fuel and air may be progressively diluted with either

constituent until eventually a mixture results that is nonflammable. The limit of

flammability is th_ borderline composition that separates mixtures capable of propa-

gating a flame from those that are not. If the diluting agent is air_ the limit

mixture contains too little fuel to be capable of sustained flame propagation, and

the borderline concentration is termed the lean or lower flammability limit. Con-

versely 3 if the diluting agent is fuel, the rich or upper flammability limit is

reached. The flammability limits at a particular temperature and pressure obtained

in this manner are often called the concentration limits. They may be made inde-

pendent of any apparatus effects) therefore_ these limits are physicochemlcal con-

stants for each fuel. Mixtures of fuel concentrations between the lean and rich

limits are said to lie within the flammable range.

It is sometimes observed that a flame in a mixture well within the flammable

range will be extinguished if it is forced to propagate through a constriction. The

walls are evidently able to exert some repressive influence on the flame. The effect

is observable in Bunsen burners when the flow of mixture is suddenly stopped_ if the

burner tube is sufficiently wide, the flame will flash back and propagate into the

stationary mixture, whereas with a smaller tube, it will be extinguished at the port.

This effect of the walls on flame propagation is termed quenching. It is possible

to determine a minimum diameter or a minimum rectangular opening t_mough which a

flame will travel, and such a dimension is a quenching distance.

Although the walls are able to set limits of flame propagation, these limits

are not flammability limits in the true sense, since they are not physlco_hemicai

constants of the fuel. Rather, they are conditioned by the presence of walls.
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SYMBOLS

The following symbols are used in this chapter:

geometrical factor

constant

fraction of molecules

constant

capacitance of condenser

heat capacity

diffusion coefficient

rod diameter

critical tube diameter

critical slit opening

apparent energy of activation

function of intensity of turbulence

total ignition energy

energy in line source

current

energy from capacitance

constant

average rate constant

electrode spacing

quenching distance

inductance

number of fuel molecules per unit volume

pressure

gas constant

sphere radius
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T temperature

TF equilibrium adiabatic flame temperature

TO mixture temperature

t ignition lag

ts spark duration

U gas velocity

UF burning velocity

v voltage

thermal conductivity

FLAME QUENCHING

Before a discussion of flammability and ignition is begun, it is desirable to

consider flame quenching. This phenomenon affects the process of flame propagatlon 3
with which flammability is concerned 3 and also that of ignition. The effects of
quenching must either be taken into account or eliminated in the measurement of

limits of flammability and of ignition energies, if meaningful interpretations of

the data are to be made. In older literature I the importance of flame quenching was
not understood, with the result that many misleading conclusions were reached.

As stated in the INTRODUCTION, quenching may be observed when a Bunsen flame is

allowed to flash back into the burner tube. This fact serves as the basis for a

standard means of measuring quenching distance. A flame is established on the burner

port, and the mixture flow is then suddenly stopped. If the flame flashes back and

propagates down the burner tube, a smaller one is substituted until the tube will

just permit the flame to propagate. The diameter of the tube is thus the quenchlng

distance for the given fuel-oxidant mixture under the specified conditions of tem-

perature and pressure. In practice, a rectangular burner with a continuously varia-

ble width is often used 3 to avoid the frequent changes of tubes and to improve the

precision of the measurements. An alternative procedure is to employ a fixed burner

opening, and to change one of the conditions, such as pressure or mixture composition;
until the condition corresponding to the specified quenching distance is determined.

It will be shown that quenching distances may be measured by entirely different

means from the ones just described. This is possible because of the exls_ence of

quenching effects in measurements of flammability and spark-ignition energies of

fuel-oxidant mixtures. Before these aspects are discussed, however_ some of the
data on the effects of variables on straightforward quenching-distance measurements
will be presented.

Effects of Variables on Flame Quenching

All the experiments described in this section were conducted with homogeneous

mixtures of gaseous or vapor fuel and air or some other oxidant. In addition, all
the quenching distances were measured by means of the flash-back of burner flames
into quiescent mixtures.
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Geometry of quenchin_ surface. - Reference I reports quenching distances meas-
ured by establishing a flame on a burner and then suddenly stopping the mixture flow.

The flame either flashed back through the burner or was quenched at the port, de-

pending upon the size of the burner. A variety of cylindrical and rectangular tubes

was used, and the fuels were methane and propane in air at room temperature and

atmospheric pressure.

The critical tube diameters and critical sllt openings for flame propagation,

that is 3 the quenching distances_ were not the same. The critlcal'diameters were

larger than the critical slit openings. A geometrical factor B may be defined as

•B : dl/ (ll

where

dI critical diameter

d2 critical slit opening

The data of reference i show that, for lean to stoichiometric mixtures, the

average value of B is 1.25 for methane-air mixtures and 1.45 for propane-air
mixtures.

Hydrocarbon ty_e. - Friedman and Johnston have measured the quenching distances

of mixtures of propane, benzene, n-heptanej and isooctane in air by determining the
smallest opening of a rectangular burner that will permit a flame to flash back when

the mixture flow is stopped (ref. 2). The data are presented in figure llI-1, where
quenching distance is plotted against percent stoichlometric fuel-alr ratio. The

experiments were carried out at 1 atmosphere pressure and 212 ° F ambient temperature.

Figure III-i shows that mixtures slightly richer than stoichiometric are able

to propagate flame through the narrowest channels. For lean and stoichiometric

mixtures, the quenching distances decrease in the order: isooctane > n-heptane >
propane > benzene. Reference 2 notes that this order is the same as t_e order of

increasing burning velocities for the four compounds. In the case of rich mixtures,

there are changes in the order of quenching distances, and it is not certain that
there is any simple relation with burning velocity.

Although in all cases, the quenching distances are small under the conditions

of the experiment, there are considerable percentage differences from fuel to fuel.

For example 3 the quenching distance of a stoichiometric mixture of benzene in air

at 1 atmosphere and 212 ° F is about 80 percent of that of a stoichiometric isooctane-
air mixture.

Inert diluents. - For his work on the effects of inert gases on quenchingj
Friedman (ref. 3) used hydrogen as the fuel and conducted the experiments at ambient

pressure and temperature. The inert gases used were helium,.argon, nitrogen, and

carbon dioxide. Mixtures of hydrogen_ oxygen 3 and inert gas were prepared with a

quantity of inert gas such that the calculated flame temperature of the stoichiometric
mixture was 4244 ° F in all four cases.

Some of the data of reference 3 are shown in figure III-2. It is seen that,
for a given mixture, the quenching distance decreases with the inert diluent used

in the order: He > A > N2 > C02_ that is# the quenching effect of the walls on the

flame is greater if the diluent is helium than if it is carbon dioxide. Although

the combustible used was hydrogen_ analogous results would almost certainly be
obtained with a hydrocarbon fuel.
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The results in reference 3 were interpreted on the basis of a thermal model of

quenching, in which heat is conducted away from the flame by the walls. _is analy-

sis indicated that the quenching distance should be proportional to the factor

_/UFCp (_)

where

Cp heat capacity per unit volume of unburned gas

U F burning velocity of mixture

thermal conductivity of mixture

This parameter correlated the quenching-distance data for various inert diluents in

a satisfactory manner. However, it is emphasized (ref. 3) that no conclusion could

be drawn as to the true mechanism of quenching, and that diffusion of active parti-

cles to the walls might be important.

Temperature. - Friedman and Johnston (ref. 4) ha_e studied the effects of tem-

perature on quenching distance. Increased temperature decreases the quenching diz-

tahoe; that is# the flame is able to pass through smaller openings. The results

shown in figure. III-3 for propane-air mixtures at about 1 atmosphere pressure are

consistent with the general observation that chemical reactions are promoted by

increase in temperature. No quantitative interpretation of the data has yet been

made. The magnitude of the temperature effect varies with mixture composition; for

rich and stoichiometric propane-air mixtures, quenching distance is approximately

proportional to the -0.5 power of the absolute temperature, while for lean mixtl_es,

the exponent increases.

Pressure. - Friedman and Johnston have also studied the effects of pressure on

the quenching distances of propane-air flames (ref. 4) and of benzene-, _-heptane-,

and isooctane-air flames (ref. 2). A rectangular burner was employed, as previously

described.

Some of the data of reference 4 are presented in figure 111-4. Quenching dis-

tance increases as pressure decreases. That is# the quenching effect of the walls

on the flames becomes greater when the pressure is reduced.

A logarithmic cross plot of the data of figure 111-4 for several propane con-

centrations is shown in figure III-5. Straight lines result, so that the pressure

dependence of the quenching distance is of the form

d2 _ p-b (3)

where

b constant

p pressure

Reference 4 gave the value of the exponent b for the propane concentration

corresponding to the minimum quenching distance as 0.91. Reference 2 subsequently

showed that the pressure dependence of the minimum quenching distances of benzene-,

n-heptane-, and isooctane-air flames is almost identical to that of propane-air

flames. It therefore appears that, as a rough approximation for hydrocarbons burning

in air,
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d2 (minimum) c( i/p (4)

In the case of propane-alr mixtures, however, the value of the exponent of the pres-

sure is slightly dependent on the propane concentration 3 and increases from lean to

rich mixtures. The effect was noted in reference 5, using the data of reference 4,

and a/so in reference 6. The following table shows the variation of the pressure
dependence of quenching distance of propane-air flames with fuel concentration:

Stoichiometric

fuel-air ratio,

percent

74

74

86

87

i00

i00

ii0

124

149

Negative exponent

of pressure, b

0.83

.85

• 84

.85

.88

.89

•91

.95

.98

Reference

5 a

6

6

5a

5a

6

4

6

6

ausing data of ref. 4.

The variations in b shown by this table do not appear very large# but, as can

be seen in figure III-5, they are quite apparent in a logarithmic plot of quenching
distance against pressure.

Oxygen concentration. - Reference 6 describes the effects of pressure on the

quenching distances of flames in various propane-oxygen-nitrogen systems. "The

measurements were made with a variable-width rectangular burner over a pressure

range from 2.99 to 29.92 inches of mercury absolute. Five oxidant atmospheres were

used, containing 173 213 30, 50, and 70 volume percent oxygen. The effects of pres-
sure on the quenching distances of flames in any given oxidant were very similar to
those described in the preceding section.

At any given pressure and percent stoichiometric propane, it was found that the
quenching distance decreased as the oxygen concentration of the oxidant increased•

The effects are shown graphically in figure 111-6, where data for stoichiometric

mixtures and two pressures are presented. The decrease in quenching distance with

increase in the amount of oxygen in the oxidant atmosphere is very rapid up to about

25 percent oxygen (air = 21 percent), and then becomes more gradual.

Dead Space

When a flame is adjacent to a surface, it is observed that the luminous zone

does not extend completely to the surface. There is a region, the width of which

depends on the experimental conditions, where the reactions appear to be quenched

by the wall. The distance from the end of the luminous zone to the wall is called

dead space. The dead space may easily be observed, for example, by sighting across
the top of a Bunsen burner_ it is seen that the base of the flame cone is situated

a small distance above the burner port.

Thus, it is evident that the wall quenches the flame reactions in the gas

adjacent to it. It is therefore logical to consider the topic of dead space in
connection with a discussion of quenching distance.
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It might at first appear that, if the dead space associated with a flame prop-

agating through a rectangular duct were measured, the dead space should be equal to

one-half the quenching distance under the same conditions. This interpretation is

based on the idea that the quenching distance corresponds to a situation in which

the flame has zero width, because of the merging of the dead spaces associated with

two walls when the walls are bro_ht sufficiently close together.

The fact is, however, that the quenching distance is considerably larger than

twice the dead space (ref. 7). Part of the difference may be attributed to the

fact that the measurement of dead space is complicated by uncertainty as to the

boundary of the flame. For example, in visual measurements, the boundary is chosen

as the farthest extent of the luminous flame zone; on the other hand, if photo-

graphs are taken, the boundary will almost certainly appear to be in a somewhat

different position because of the differences in sensitivity between the optical

system and the human eye.

Aside from these experimental uncertainties, however, it is still reasonable

that the quenching distance between parallel walls should not be equal to twice the

dead space associated with one wall. This is because the same flame is not observed

in the two cases: the dead space is associated with a propagating flame, while the

quenching distance, by definition, is the smallest opening that will Just permit a

flame to propagate, or, equivalently, the opening that will Just prevent propagation.

Furthermore, it has been observed in connection with the measurement of quenching

distances in circular tubes that above the critical diameter the flame appears to

fill the cross-section tube; at the quenching condition, the flame is extinguished

at the mouth of the tube (ref. 5). In other words, there does not appear to be any

marked diminution in the size of the flame as the quenching condition is approached.

Thus, the dead space is a characteristic distance associated with a flame, and

it arises through the quenching action of the walls, but it is not equivalent to

the quenching distance.

There have not been many experimental studies of dead space. Reference 7 con-

tains a summary of the work. Qualitatively, dead space varies with fuel concentra-

tion and with pressure in much the same way as does quenching distance. For ex-

ample, the minimum dead space occurs in butane-air mixtures that are slightly richer

than stoichiometric, and increases as the pressure is decreased (ref. 7).

Homogeneous Quenching

The discussion of quenching has heretofore been concerned with the effects of

walls on the flame. The effects must occur because the walls absorb heat or free-

radical chain carriers of the flame reactions, one or both of which must be trans-

ferred ahead of the flame to the unburned gas in sufficient quantity if the flame

is to continue propagating (see ch. IV). These considerations suggest the possi-

bility that a flame might be quenched by the combustible gas itself. Such homo-

geneous quenching might occur, for example, with a flame propagating in a turbulent

mixture. If the turbulent intensity were sufficiently high, the dilution of the

flame zone with cold unburned gas might overwhelm the transfer of heat and chain

carriers from the burning zone to the surrounding fresh gas, and the flame would

then be extinguished.

The situation described has received very limited experimental attention. In

the only available literature concerning this phenomenon (ref. 8), the spread of

flame from a nucleus in a flowing turbulent stream through a tube was studied. The

turbulence was pipe turbulence, and the mixture of propane and air was periodically
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ignited by a spark across the full wi_zh of flow. Inasmuch as there was no flame

holder, the flame traveled downstream with the flow and was observed stroboscopi-

cally. At the limits of flame propagation, the mixture was ignited at the spark,
but the flame nucleus decreased in size and was finally extinguished as it traversed

the test section. The range of propane concentrations over which propagating

flames were obtained was determined for flow velocities up to 250 feet per second.

Typical curves, obtained at a static pressure of 30.7 inches of mercury absolute,
are shown in figure III-7, where the concentration range of propagation is seen to

narrow with increasing flow velocity. The lean limit of flame propagation changes

less rapidly than the rich when the data are plotted in terms of percent stoichio-

metric, and the two limits tend to converge on the stoichiometric propane concen-

tration. A Reynolds number of 2000 in these tests corresponded to about 12 feet

per second flow velocity; therefore, the data apply to the turbulent regime. In

one series of experiments, a screen was inserted upstream of the spark; this re-

duced the turbulent scale, but there was no appreciable effect on the range of mix-

tures capable of propagating flame at a given velocity. Reference 8 offers no con-

clusive explanation of the behavior of the lean limit curve at flow velocities less

than 50 feet per second.

Inasmuch as the turbulent intensity increases with increasing flow velocity,

the experiments indicate that the idea of homogeneous quenching by dilution with a

combustible mixture may have some physical reality; reference 8 suggests this mech-

anism to explain curves similar to those of figure III-7.

Interpretations of Wall Quenching

In order to interpret the observed ability of walls to quench flames in terms

of fandamental processes, it is first necessary to decide upon the mechanism by

which a flame is presumed to propagate, and then to examine the influence of the

presence of walls upon this mechanism. Inasmuch as a flame is a zone of intense

chemical reaction accompanied by the evolution of heat and the formation of new

products from the reacting fuel and air, there exist steep gradients of temperature

and concentration from the flame to the unburned gas.

It is possible to set up differential equations that govern the flow of heat

and of various molecular species that must occur as a result of these gradients.

In order to use the equations and to obtain solutions by ordinary means, however,

it is necessary to make certain assumptions. This matter is discussed in chapter

IV. At this point, it may suffice to say that, although both heat and matter must

flow from the flame because of the gradients that exist, and although the transfer

of both heat and matter are probably essential features of the basic mechanism of

flame propagation, in the past, one or the other of these two types of transfer has

been chosen as most important. In other words, in order to make the basic differ-

ential equations amenable to solution in closed form, it was sometimes assumed that

the transfer of heat from the flame to the unburned gas is the most important proc-

ess in flame propagation, and that the diffusion of matter is much less important.

In other cases, the opposite point of view was adopted. In either case, the assump-
tion made can be Justified in various ways.

As a result of the considerations discussed, two schools of thought have arisen

concerning the most important mechanism responsible for flame propagation. One em-

phasizes the importance of heat conduction from the hot to the cold gas, since it

is known that chemical reactions can be started and accelerated by an increase in

temperature. The other stresses the importance of the diffusion of certain active

particles (free radicals and atoms) known to be produced in flames; because of their

highly reactive and energetic nature, these active particles are supposed to be able

to initiate chemical reactions in the cold gas. Actually, as stated previously,
both features may be important.
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Thus, interpretations of the quenching effect start with the assumption of one
of these two processes as the more important one, and then identify the walls as a

sink for either heat or active particles. On the basis of these models, the flame

is quenched if the walls abstract more than some critical amount of heat or active

particles. The resulting interpretations may be described as either thermal or

diffusional interpretations.

Actually, the distinction is not as clear as might be inferred. For example,
references 3 and 9 describe interpretations of quenching distance that are based on

heat transfer to the cold walls, but in both cases, the equations involve the ex-

perimental burning velocity of the mixture (see ch. IV). Consequently, there is

the possibility that, if the burning velocity depends upon diffusion of active

particles, these quenching theories are not uniquely thermal.

The theory developed in reference 3 was used, as described, tb correlate data

on" the effects of various inert diluents on the quenching distances of hydrogen-

oxygen-diluent mixtures. The correlating parameter (eq. (2)) was quite successful;

it has not been applied to other types of quenching data.

The theory of reference 9 is based on the combustion-wave theory of Lewis and

yon Elbe (ref. 10), and has been applied to quenching distances of methane-oxygen-

nitrogen mixtures at atmospheric pressure. With the use of an experimental burning

velocity, it is possible to solve the equations to obtain an estimate of the abso-

lute value of the quenching distance of a mixture. In reference 9, these calcula-

tions are made .and the results compared with experimental values. Quenching by

tubes and by rectangular burners was considered. Some of the results are reproduced

in the following table:

Mixture, percent by volume

Methane i0 15 25 40 50 52.5 i0.0 16.3 21.5 26.4

Oxygen 90 85 75 60 50 47.5 18.8 29.3 39.8 49.1

Nitrogen 0 0 0 0 0 0 71.2 54.4 39.7 24.5

Quenching distance

Critical slit

openings, d 2

Experimental

Calculated
Percent deviation

0.086
.086

0

Critical diameters, dI

Experimental 0.I18
Calculated .190

Percent deviation 61

B = dl/d 2

Experimental 1.37
Calculated 2.21

0.046 0.028 0.043 0.15 0.22 0.28 0.079 0.053 0.045

.039 .019 .033 .09 .14 .17 .056 .038 .059

-15 -32 -23 -40 -36 -39 -29 -28 -13

0.068 0.048 0.069 0.215 0.525 0.535 0.14210.092 0.070

.094 .039 .065 .190 .340 .354 .117! .075 .061

38 -19 -6 -12 5 6 -18 -18 -13

1.48 1.71 1.61 1.43 1.48 1.20 1.80 1.74 1.56

2.41 2.05 1.97 2.11 2.43 2.08 2.09 1.97 1.56

From these data, it may be seen that the theory of reference 9 is capable of pre-

dicting reasonably well the observed values of dl, d2, and B.
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In contrast to the twothermaltreatmentsof quenchingdescribed,reference5
presentsa diffusions/ interpretation basedon the destruction of active particles
at the wall. It wasass_edthat the diffusion of active particles aheadof the
flame, wherethey react with fuel molecules,is responsiblefor flamepropagation,
andthat whenthe flame is neara wall, a certain proportion of the active particles
is lost by collision with the surface. Onthis basis, it waspossible to set upa
balancebetweenthe numberof collisions of active particles andfuel moleculesre-
quired to propagatethe flame, andthe numberof active particles lost by diffusion
to the wall. Theimportantactive particles wereassumedto be the light, rapidly
diffusing speciesH, 0, andOH. Thequenchingdistancesfor lean to stoichiometric
mixturescouldbe calculated fromthe resulting equationswith surprisingly good
accuracy. Separateequationsweredevelopedfor two cases: (I) Thecritical diam-
eter for flamepropagationin a cylindrical tube:

t 298>2Nlc Po POH
+_ + D01_/j

(5)

where

C

D_,Do, DoH

fraction of molecules present in gas phase which must react for flame to

continue to propagate

diffusion coefficients of H, O, and OH at 77 ° F and i atm

d I

k

Nf

PH, Po,PoH

TF

critical tube diameter for propagation in a given fuel-alr mixture at a

particular pressure

average rate constant for reaction of active particles with fuel molecules

number of fuel molecules per unit volume

equilibrium partial pressures of H, O, and 0S in flame

equilibrium adiabatic flame temperature

(2) The minimum width of the opening for propagation through a rectangular slit:

where

= N
d2 [l_( 2:8)2'I'i (C) , PO Poll

+_oo +

(6)

d 2 critical opening of rectangular slit for propagation

Equations (5) and (6) were used to make absolute calculations of quenching dis-

tances for propane-air mixtures over a range of concentrations from lean to stoichio-

metric and pressures less than i atmosphere, and for stoichiometric etnene-air and

isooctane-air mixtures in a similar pressure range (ref. 5). All quantities in the
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equationswerecalculated or estimated,exceptthe constants C and k. It was
foundthat C couldbeapproximatedby the lean concentrationlimit of flan_nabillty
measuredat atmosphericpressure,andthat a suitable value of k could be derived
from burning-velocity data. These constants have specific values for a given fuel

and oxidant; therefore, it is not required to use a separate experimental value for

the calculation of quenching distance at each condition. It will be recalled that

the theory of reference 9 requires a value of the burning velocity for each condi-

tion at which an absolute calculation of quenching distance is made. The agreement

between observed and calculated quenching distances shown in reference 5 was quite

striking, with an average difference of ,3 percent. The agreement was probably in

some degree fortuitous, and depended in part on the choice of the diffusion cceffi4

cients and the choice of the temperature dependence of the diffusion coefficients.

However, equations (5) and (6) may be used to correlate quenching-distance

data if the ratio C/k is left as an undetermined constant. This was done in ref-

erence S, and also in reference 6, where the effects of pressure, propane concen-
tration, and oxygen concentratlon in the oxidant were found to be correlated. In

reference 6, it was found that the choice of diffusion coefficients and temperature

dependence did not affect the result.

In addition, this treatment predicts the following value for the geometrical
factor B:

I

B = d2 \15/ = 1.64
(v)

This result is in agreement with experiment. Finally, it was found that the pres-

sure exponent b (eq. (3)) and its variation with fuel concentration are reasonably
well predicted (refs. 5 and 6).

All three of the interpretations discussed have had some success. No two have

been applied to the same set of experimental data_ hence, direct comparisons cannot

be made at present. The diffuslonal treatment has been used in more widely varying

situations than the others, with good success, but it does not hold in its present
form in the case of mixtures richer than stoichiometric.

Quenching in Fl_bility and Spark-Ignition Measurements

It was stated at the beginning of the discussion of quenching that measurements

of flammability and spark-ignltion energy may be affected by quenching. It is
therefore sometimes possible to determine quenching distances from such measure-

ments. It will now be shown briefly how these effects appear.

Flammability measurements. - The concentration limits of flammability are, if
measured properly, true physicochemlcal constants for each fuel. Limits of this

type are discussed in the following section. Determination of these limits has

generally been limited to work at atmospheric pressure. However, some work has

been done at lower pressures. Most of the observations at reduced pressures have

indicated that the lean and rich limits of homogeneous mixtures progressively con-

verge and finally meet at some pressure below which no flame will propagate. Most

of the older literature on low-pressure limits should be regarded critically. In
most eases, insufficient cognizance was taken of the effects of the size of the

test vessel and the need for a powerful ignition source. Thus, many of the limits

recorded are actually ignition limits for the particular source used, or are the
result of quenching by the walls. For example, it was believed that mixtures of
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ordinary hydrocarbonfuels in air couldnot sustain flamepropagationbelowa pres-
sureof about1.2 inchesmercury; it is now known that this minimum pressure is

actually set by quenching due to the walls of the usual 2-inch-diameter tubes used

in the experiments. The minimum pressure is lowered if larger tubes are used.

Another difficulty in measuring limits at pressures other than atmospheric is the

need to maintain the pressure constant during the propagation of the flame.

Recent work has avoided these difficulties, and has clarified the meaning of

the limits at reduced pressures (ref. 5). Care was taken to eliminate any effects

of the ignition source, and the flame tubes were connected to a large plenum so

that the flames propagated at essentially constant pressure. The limits were meas-

ured for homogeneous fuel-alr mixtures in flame tubes of several diameters. Typi-
cal results for propane-air are shown in figure 111-8 (ref. 5). It is seen that

the lean-limit concentration is lower for the larger tubes, as is the minimum pres-

sure for flame propagation. The rich limit, although not shown in figure 111-8,

also increases with increasing tube diameter; therefore, the flammable range at a

given pressure is wider for the larger tubes.

Inasmuch as the diameter of the flame tube affects the results, it is evident

that these limits are not true flammability limits. That is, they are not physico-

chemical constants of the fuel. They are better termed limits of flame propagation

at reduced pressures. The behavior of the data suggests that the limits are set

by quenching action of the tube walls, and in order to test this idea, logarithmic

cross plots of the data of figure 111-8 were made at constant propane concentra-
tions on the lean side of stoichiometric (fig. 111-9).

Friedman and Johnston (ref. 4) measured quenching distances for propane-air

flames in terms of the critical width of a rectangular slit that would allow flash-

back of a Bunsen flame when the mixture flow was reduced. Some of their data are

also shown in figure 111-9; the critical slit widths have been multiplied by an

empirical factor of 1.4 to account for the geometrical differences between the ex-

periments. Figure 111-9 shows that the two types of data nearly coincide. There-

fore, it was concluded that the measured pressure limit of flame propagation of a

given mixture in a tube of a particular size is actually a measurement of the criti-
cal diameter, or quenching distance, for flame propagation in the mixture at the

pressure of the limit (ref. S).

Spark-ignition energy measurements. - Spark-ignition energy is measured by de-

termining the minimum amount of energy that must be dissipated in the gap between

two electrodes in order to produce a flame. It has been found that, for a given

temperature, pressure, and fuel-air mixture, this energy depends upon the length of

the gap (refs. ii and 12). Typical results are shown in figure III-i0 for natural

gas at 1.0 atmosphere pressure and in figure III-ii for propane at 5.0 inches of

mercury absolute. It should be noted that, regardless of the electrode geometry,

the curves converge at some minimtun ignition energy as the electrode gap is in-

creased from low values. The most striking curve is the one shown in figure I!I-I0

for flanged electrodes; it is seen that the minimum spark-ignition energy increases
with extreme rapidity if the electrodes are closer than about 0.08 inch. In other

words, the flanged electrodes have the effect of suppressing ignition altogether if
the gap is less than some critical width.

The function of the ignition spark is to supply the energy required to initiate

the chemical reactions of a self-propagating flame. From the preceding discussion

of wall quenching, it is evident that a flame cannot propagate through the gap

formed by the flanged electrodes if the distance is less than the quenching dis-

tance. Consequently, if the gap is less than the quenching distance, the mixture

cannot be ignited regardless of the amount of energy supplied.
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In the experimentswith unflangedelectrodes, the quenchingdistance is not
sowell defined; increasingthe energysuppliedto the gapoverpowersthe quenching
effects, anda propagatingflamecanbeobtained. However,it is significant that,
in figure III-10, the start of the rising portion of the curveobtainedwith un-
flangedelectrodescoincideswith the quenchingdistance.

Finally, it will be shownthat the quenchingdistanceobtainedfrom spark-
ignition experimentsis the sameor very nearly the same as that obtained by the

usual means, that is, by determining the critical slit opening for flash-back of a
Bunsen flame. It is also the same as the critical diameter obtained from low-

pressure limits of flame propagation, as described in the preceding section, multi-

plied by a constant to account for the geometrical differences in quenching effect

by cylindrical and plane-parallel surfaces. Data of all three types are plotted in

figure III-12, and it is seen that the points conform very well to a single line

(ref.5).

Thus, it has been shown that the same quenching effects that have been studied

by means of flash-back also extend to measurements of flammability at reduced pres-

sures, and to measurements of spark-ignition energy. _Wall quenching is therefore

an important phen0menon at all stages of the combustion process, and must be con-
sidered if unambiguous interpretations of combustion data are to be made.

FLAMMABILITY LIMITS

Effects of Variables on Flammability Limits at Atmospheric Pressure

It is necessary in the measurement of lean and rich concentration limits of

flammability to eliminate all external effects, so that the limit is a property

only of the fuel at a given temperature and pressure. Coward and Jones (ref. 13)

have critically reviewed the literature on flammability limits and have recommended

the experimental procedure that will lead to the determination of true limits.

It has already been stated in the definition of flammable mixtures that the ig-

nition source must not affect the results. If a weak source is used, some mixtures

may not inflame, especially if they are near the limit concentration, while a

stronger source would succeed in igniting them. The limits determined with the weak

igniter would consequently not be limits of flammability, but merely limits of ig-

nitibility for the particular source used. Thus, it is essential to use a strong

source, such as a spark several millimeters long or a small naked flame.

In order to minimize quenching action by the walls, the vessel in which the
flame is observed should be at least 2 inches in diameter for observations at at-

mospheric pressure. It should also be long enough (4 ft) to allow the observer to

Judge whether the mixture is truly capable of propagating a flame indefinitely away

from the ignition source. A glass tube of these dimensions is a suitable vessel.

The ignition end of the tube should be open during the test, to avoid a change

in pressure. Finally, it is important to specify the direction of flame propagation.

Since it may be stated as a rough approximation that a flame cannot propagate down-

ward in a mixture if the convection current it produces is faster than the speed of

the flame, the limits for upward propagation are usually slightly wider than for
downward or horizontal propagation.

The experimental results discussed are limited to those obtained with upward

propagation, and subject to the precautions described, unless otherwise noted. In

addition, only concentration limits of flammability at atmospheric pressure will be
discussed; the effects of pressure will be considered later.
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Hydrocarbon type. - The flammability limits of various hydrocarbon types in

air at atmospheric pressure and room temperature are listed in table ili-I (ref.

15). For the comparison shown in this table, the limits are expressed in terms of

the percent of stoichiometric fuel-air ratio (by weight).

Although the results of table III-I indicate no striking effects of hydrocarbon
type (above propane and propene) on the lean flammability limits, considerable var-

iation among the rich limits is apparent. Among the saturated compounds (normal

and isoparaffins), the rich limit tends to increase with molecular weight. Inas-

much as the lean limits are about the same for all the fuels, the range of flamma-

bility increases with molecular weight. Ranges of flammability calculated from the

data of table III-I have been plotted to show this increase graphically (fig.

III-13). A more complete set of data (ref. 14) indicates that the flammable range

for normal paraffins passes through a maximum at n-heptane and decreases to n-decane.

However, these data (ref. 14) are less accurate t_an those of table III-I because

the work was done at reduced pressures, and extrapolations must be made to estimate

the limits at 1 atmosphere pressure. In spite of these extrapolations, it is be-
lieved that the proper trends are indicated.

The branched-chain hydrocarbons (isoparaffins) have somewhat smaller flammable

ranges than the corresponding straight-chain fuels (fig. III-13).

Among the three monoolefins listed, ethene stands out because of its extremely
wide range of flammability (45.8 to 676 percent stoichiometric). The results for

propene and 1-butene are similar to those for the corresponding saturated compounds.
Figure III-13 emphasizes the anomalous nature of ethene. An extension of the curve
for olefins, by means of the data of reference 14, would show that the flammable

range increases rapidly from propene to 1-hexene, and then levels off through
1-decene.

The data for aromatic compounds are incomplete. The flammable range for benzene
is smaller than that for a six-carbon-atom branched-chaln fuel.

The flammability limits for cycloparaffins are not included in table III-I, but

reference 13 shows them to be very similar to the limits of normal paraffins wlth
the same number of carbon atoms.

Petroleum fuels. - The discussion thus far has been concerned with the flamma-

bility limits of pure hydrocarbons. On the other hand, practical aircraft fuels

are complex mixtures of many hydrocarbons, each with its own effect on the limits

of the mixed fuel. The limits of such fuels, however, may be measured in the manner

previously described, if the apparatus is maintained at a temperature high enough
to keep all constituents in the vapor phase.

Inspection of the data in table III-II (ref. 15) shows that, in order to obtain

a consistent set of flammability limits for these four fuels, the limits of all

would have to be determined at a rather high temperature. Perhaps the closest ap-

proach to the required conditions is found in experiments reported in reference 16.
The limits determined at 300 o F and atmospheric pressure for three fuels are listed

in table III-III. The data of reference 16 were reported only in terms of fuel-air

ratios; in order to express the limits in volume percent fuel vapor in air, it was

necessary to estimate some average molecular weight for each fuel. This was done

by the methods described in reference 14, with the following results: average mo-

lecular might of 100/130 grade gasoline, i00; JP-l, 150; JP-3, 114. Assuming that

the fuels are mainly composed of paraffin hydrocarbons, these molecular weights

correspond approximately to heptane, decane, and octane, respectively. The limits

for these compounds (table III-I) compare fairly _ell with the limits in table

III-III, considering the approximations and the differences in temperature involved.
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It seems definite, from these and other data, that the flammable range of aircraft

fuels completely vaporized and mixed with air is about 1 to 7 percent by volume.

If multlcomponent liquid fuels are not completely vaporized, quite different

results may be obtained. Thus, if the tests are carried out at low temperatures

and only part of the liquid sample is vaporized, the vapors will be composed mainly

of the lower-boiling constituents. Mixtures of these vapors with air may be pre-

pared, and the limits determined in the manner previously described. Both lean and

rich limits should lie at higher concentrations (volume percent) than if the entire

sample were vaporized, because the limits of the lighter hydrocarbons behave In

this manner (table !II-I). This expectation is verified by experiment; the lower

the temperature, and h_nce the smaller the fraction of liquid fuel that serves as

the source of vapor for making fuel-air mixtures, the higher the concentrations of

the limits (ref. 16).

It is evident that the history of an aircraft fuel has an effect on its limits

of flammability. For example, a fuel containing quantities of volatile hydrocar-

bons may be stored under conditions that permit their gradual escape and the limits

will be more and more controlled by the heavier compounds. Consequently, it is

difficult to predict the flammability of a given sample, and even more difficult to

obtain reproducible results if the supply of fuel vapor is obtained from, for ex-

ample, the first i0 percent of the liquid to evaporate.

The preceding discussion refers to unsaturated vapor-air mixtures. If a liquid

fuel and its vapors are allowed to come to equilibrium in a volume of air, so that

the air is saturated at the given temperature, the temperature itself sets the lean

and rich limits. For example, grade lO0/130 gasoline and JP-3 Jet fuel have such

high equilibrium vapor pressures at a temperature of about 78 ° F that saturated

vapor-air mixtures are beyond the rich limit and are therefore nonflammable. As the

temperature is lowered, however, a point will be reached on the vapor-pressure curve

of the fuel that corresponds to the concentration of fuel in air at the rich limit.

With still further reduction in temperature, the saturated mixtures will be flam-

mable until a temperature is reached that corresponds to the vapor concentration for

the lean limit. The two temperatures are referred to as the rich and lean tempera-

ture limits of flammability (at a given pressure). The range of temperatures cor-

responding to flammable saturated mixtures is lower for volatile fuels, such as

lO0/130 gasoline or JP-3, than for the less volatile JP-1 or JP-4. The temperature

limits are discussed in reference 15.

It is not clear whether the temperature limits of flammability of saturated

mixtures have any application to flowing mixtures of fuel droplets in air. It is

perhaps conceivable that a spray of fuel droplets might come to equilibrium in the

moving air stream if the turbulence level were sufficiently high to effect very

rapid heat transfer and mixing of the vapor and air. Even if equilibrium were at-

tained, however, the slt_ation would be com_ollcated by the effects of fuel droplets

on the flammability of the vapor fuel - air - fuel droplet mixture, as well as by

the effects of velocity and turbulence.

Mists and sprays. - Very little work has been done on the flammability of

vapor fuel - air - liquid fuel mixtures. There are obvious difficulties in the

measuring of flammability limits in quiescent mixtures because of the need to pre-

pare reasonably stable mists, in which the droplets will not settle out before the

ability to sustain flame propagation can be tested. In addition, it is necessary

to characterize the average droplet size. Reference 16 (p. 40) reports measure-

ments of the flammability of mists of JP-1 formed by chilling vapor fuel - air mix-

tures to condense some of the fuel. The average droplet size, measured immedlately

after formation, was i0 microns at 32 ° F. Under these conditions, the flammability
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limits were at fuel-air ratios of 0.043 (lean limit) and 0.23 (rich limit). Con-

sidering the difference in temperature, the limits of JP-1 mists are similar to the

limits of JP-1 vapor-air mixtures at 300 ° F given in table III-III (fuel-air ratios,

0.037 and 0.31). More specifically, an estimate of the effect of the 268 ° F tem-

perature difference on the limits, based on the temperature effects on limits of

homogeneous mixtures (to be discussed in a subsequent section), shows that the lean

limit of the mist corresponds very closely to that of the vapor. The rich limit of

the mist, however, is at a lower concentration than would be estimated from the

data on homogeneous mixtures. It may be concluded that, at least with these small

droplet sizes, the propagating flame is able to vaporize and consume the fuel with-

out much penalty on the range of flammability.

Reference 16 (p. 43) also reports tests of the flammability of JP-I fuel spray
formed in a two-fluid nozzle (fuel and air) and ignited in a glass test chamber.

The spray was found to propagate flame in the upstream direction down to a lean

limit of 0.0_94. It is not clear that this was a true limit of flammability, be-

cause of the uncertain effects of velocity, turbulence, and droplet size. For ex-

ample, in other tests on the ignitibility of sprays, it was observed that individual

drops were ignited on passage through a spark, and that as the fuel flow was In-

creased, these merged into a long continuous flame at a fuel-air ratio of about

0.006; this value is much below the lean flammability limit (ref. 17). Such ob-

servations emphasize the need to define a criterion for the flammability of liquid

sprays.

In any event, from the meager information available, it seems clear that flames

can propagate in vapor fuel - air - liquid fuel mixtures at over-all fuel-air ratios
similar to those found for the limits of homogeneous vapor-air mixtures.

The observations that are sometimes made of burning at extremely lean or rich

over-all fuel-air ratios may be a result of the existence of regions in which the

mixture is actually within the flammable range; these regions may serve as sources

of piloting combustion.

Diluents. - As increasing amounts of an incombustible gas or vapor are added

to the atmosphere, the flammability limits of a gaseous fuel in the atmosphere ap-

proach one another, and finally meet. Inert diluents, such as carbon dioxide, ni-

trogen, or argon, merely replace part of the oxygen in the mixture, but they do

not all have the same extinctive power: it is found that the order of efficacy is

the same as that of the heat capacities of these three gases:

C02 > N 2 > A

For example, the mlnimumpercentage of oxygen that w_ll permit flame propagation in

mixtures of methane, air, and carbon dioxide is 14.G percent by volume; if nitrogen

is the diluent, more is required to reduce the oxygen to 12.1 percent, and in the

case of argon, still more is needed to reduce the oxygen to 9.8 percent (ref. 15,

p. 49).

Other types of diluent are far more effective than the inert gases. Certain

halogen-containing organic compounds, in particular, have very powerful effects.

Figure III-14 is a plot of the lean and rich limits of flammability of gasoline in

atmospheres of air plus several diluents. The compositions given are volume per-

centages of the total mixture. It is seen that methyl bromide and chlorobromo-

methane (ref. 18) are much more effective extinguishants than nitrogen, exhaust

gas, or carbon dioxide (ref. i0, p. 764); that is, smaller concentrations are re-

qulred to prevent flame propagation in any mixture of gasoline vapor and air. Ref-

erence 19 contains a thorough discussion of this subject.
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Inasmuchas the halogenatedcompoundsare in anentirely different class of
efficacy fromthe other three gasesshownin figure III-14, it is believedthat
they exert their extinctive action by interfering with the chemicalreactions of
flamepropagation,rather thanby absorbingheat or diluting the mixture.

Figure 111-14also showsthat the rich limits are moresensitive to diluents
than the lean limits. For example,as muchas 15percentaddednitrogen hasno
appreciableeffect on the lean side of the curve, but reducesthe rich limit from
7.4 to 5.4 volume percent gasoline vapor.

Temperature. - In view of the accelerating effect of increased temperature on
chemical reactions, it is reasonable to expect that the limits of flammability

should be broadened if the temperature is increased. That is, the lean limit should

lie at a lower concentration, and the rich limit at a higher one. This is experi-

mentally found to be the case. The limits change linearly with temperature. For

example, the lean limit of 2-pentane decreased from 1.55 volume percent at room
temperature to 1.22 percent at 570 ° F, so that the lean limit decreased at a rate

of about 6.1X10 -4 volume percent per OF. The rich limit increased at a higher rate,

approximately 17×10 -4 volume percent per OF (ref. 15, p. 65). These data_ere ob-

tained with downward flame propagation, but upward propagation leads to analogous

results (ref. 14). The figures quoted for _-pentane appear to be characteristic of

other hydrocarbon fuels. Thus, increases in the temperature of homogeneous

hydrocarbon-air mixtures produce widened limits of flammability; however, the ef-

fects are relatively small.

Velocity and turbulence. - Most of the flammability-limit studies discussed
previously have been concerned with quiescent, homogeneous mixtures. Information

on the flammability limits of flowing streams of mixture is of considerable practi-

cal interest, but very few such observations have been made. It is known that mix-

tures may be circulated slowly through a flame tube by means of a fan in an external

by-pass without any effect on the limits (ref. 20). This observation cannot be con-

sidered to apply to the fast streams in high-speed combustors.

A flame burning in a laminar stream cannot propagate upstream against normal

components of the flow velocity greater than the laminar burning velocity; in this

sense, such a stream might be nonflammable. If the stream is turbulent, the over-

all burning rate is increased, as described in chapter IV, and the flame may be

able to propagate. It therefore appears that the effects of velocity in laminar

streams are of little practical value. The effects of turbulence and of velocity

in turbulent streams are the important ones, because the flow in practical combus-

tors is invariably turbulent and has a mean velocity greater than the laminar burn-
ing velocity.

Only a few experiments have been made to elucidate the effects of turbulence

on the limits. It has been reported that the lean limits of methane and ethane are

somewhat extended by a suitable amount of turbulence produced by a fan or by stream

velocity; that is, flames will propagate in turbulent mixtures that are too lean to

sustain propagation in the quiescent condition (ref. 15). However, the turbulence

was not characterized, and in the case of the mixtures stirred by a fan, it is pos-

sible that true turbulence, that is, completely random disturbances, may not have

existed. An opposite effect was found for propane-air mixtures in a different ex-

periment. In this experiment, an axial rotor as long as the flame tube was rotated

at various speeds. Above 850 rpm, the lean limit was markedly narrowed (ref. 21);
no attempt was made to characterize the turbulence.

A more meaningful experiment is the one described in reference 8 and discussed

previously in connection with homogeneous quenching. In that case, the range of
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fuel concentrationscapableof propagatinga flamewasnarrowedby an increasein
flow velocity. At flaw velocities between 12 and 50 feet per second, however, the

lean limit was extended. In the experiment of reference 8, the flow disturbances

were due to pipe turbulence; it is believed that the fluctuations were more likely

to be random and thus constitute true turbulence than in the case of experiments
emzploying fans or rotors.

In reference 8 it is suggested that the narrowing of the limits with increase

in velocity may be due to the fact that turbulent intensity also increases, so that

the flame zone is more diluted with cold unburned mixture. However, a different

interpretation is also possible. Karlovitz has observed the stability of turbulent

burner flames stabilized on the burner port by a small annular pilot flame (ref.

22). It was found that at sufficiently high flow velocities, broken-off flames were

obtained such that a flame burning in one part of the combustible mixture would not

propagate through the mixture. The situation is roughly similar to the experiment

of reference 8. The explanation given in reference 22 is that flame propagation is

arrested by the high velocity gradients across the flame front.

It is not yet possible to draw definite conclusions about the effects of ve-

locity and turbulence on the flammability limits. Various observers have reported
contradictory results; it may be that a suitable type of turbulence broadens the

limits up to a certain level of turbulent intensities and narrows the limits at

higher intensities. In view of the recent work (ref. 8), it is tentatively sug-

gested that, in high-speed combustors employing homogeneous fuel-air mixtures, the

flammable range of homogeneous mixtures is reduced by increase in velocity and tur-
bu/ence. It would, however, be unsafe to apply this idea to the case of hetero-
geneous mixtures.

Effects of Variables on Flammability Limits at Nonatmospheric Pressures

All the flammability limits discussed thus far have been at atmospheric pres-

sure. Less work has been carried out at pressures above and below 1 atmosphere.

The behavior of the limits at _levated pressures is somewhat surprising, and

has not been completely explained. For the simple hydrocarbons, ethane, propane,
butane, and pentane, it appears that the rich limits extend linearly with increas-

ing pressure at a rate of about 0.13 volume percent per atmosphere increased pres-

sure above atmospheric; the lean limits, on the other hand, are at first extended

slightly, but between 1.3 and 2.5 atmospheres, they pass through a minimum concen-

tration and are thereafter narrowed as pressure is increased to G atmospheres
(ref. 15, p. 56).

For flammability limits at reduced pressures, most of the older work indicated

that the rich and lean limits converge as the pressure is reduced until a pressure

is reached below which no flame can propagate (ref. 15, p. 5). However, as pointed
out in the discussion of quenching, it has been found that this behavior is due to

wall quenching by the tube in which the experiments are conducted (ref. S). The

limits are actually as wide at low pressure as at 1 atmosphere, provided the tube

is sufficiently wide, and provided an ignition source can be found that will ignite

the mixtures. For example, recent work, (ref. 17) in which a 4-inch tube was used,

has shown this to be true for gasoline vapor - air mixtures down to pressures less

than 1 inch of mercury. Consequently, the limits obtained at reduced pressures are

not generally true limits of flammability, since they are influenced by the tube
diameter and are therefore not physicochemical constants of a given fuel. These

low-pressure limits might better be termed limits of flame propagation, and should
be accompanied by a specification of the tube diameter.
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Hjdrocarbon type. - Investigations have been conducted at the NACA Lewis lab-

oratory to measure the low-pressure limits of flame propagation of a large number

of fuels. The experiments were carried out in a flame tube 2 inches in diameter,

using a hot wire as the igniter. The apparatus was not provided with a plenum, so

the flames did not propagate at constant pressure; however, all the limits were de-

termined in the same manner, and the data are consistent. The results are contained

in references 14 and 2Z.

It was found that both the lean and rich limits are virtually unaffected by

decrease in pressure from i atmosphere to about i0 inches of mercury. This result

is in agreement with the data of figure III-8. Furthermore, the relative order of

concentrations of the limits for the various fuels is the same as at atmospheric

pressure. Therefore, table Ill-l, which gives the limits at i atmosphere for sev-

eral pure compounds, also qualitatively describes the results at pressures down to

i0' inches of mercury. Further decrease in pressure introduces the quenching effect

of the walls, and causes both lean and rich limits to converge quite rapidly. The

limits finally meet at a minimum pressure, below which flame cannot propagate in

homogeneous mixtures in a 2-inch tube. This minimum was found to be about l.Z

inches of mercury for most of the fuels investigated.

The relative order of the rich limits for a series of fuels was not the same

at pressures below 6.5 inches of mercury as above that pressure. This change oc-

curred through a peculiar behavior of the limit curves. Several typical examples

for normal paraffins in air are shown in figure III-15. The rich side of the curve

contains an additional lobe; this type of pressure-limit curve was found for all

hydrocarbon fuels except methane (refs. 14 and 23). It has been suggested that the

lean lobe corresponds to the limits of propagation of normal flames, while the rich

lobe is due to "cool flames" which are capable of propagating in rich hydrocarbon-

air mixtures by means of a different mechanism (ref. 23).

Petroleum fuels. - Reference 16 reports the effect of reduced pressure on the

limits of flame propagation of several petroleum fuels. The data were obtained in

a closed 2-inch-diameter tube, in an apparatus similar to the one described in ref-

erence 23. However, in the tests of reference 16, a spark-ignition source was used

in place of a hot wire. In reference 23, it is stated that doubt exists as to the

possibility of initiating cool flames with a spark source; the data of reference 16

support this idea, for the curves do not show cool-flame lobes such as those in fig-

ure III-i5. Curves are presented in figures III-!6(a) and (b) for lO0/iZO grade

aviation gasoline and for JP-3 fuel. The data were obtained at 77 ° to 81 ° F with

fuel-alr mixtures prepared only from the first 20 percent of vapor that distilled

from the multlcomponent petroleum fuels. Therefore, the percentages of heavy vapors

in the mixtures were small. It should also be noted that the previous history of

the fuels must have had an effect on the results, as discussed previously in con-

nection with the limits of flammability of petroleum fuels at atmospheric pressure.

In view of the uncertain average molecular weight of the combustible vapors, the

data in figure III-16 are plotted in terms of volume percent combustible in air.

The facts that a closed flame tube was used in these experiments, and that the

type of spark-ignition source affected the results, indicate that the data of fig-

ure 16 are of value mainly for comparative purposes. It is believed that they are

not true flammability-limit data. However, it is interesting to note that flame

propagation may occur at pressures less than i inch of mercury, and that the roughly

vertical portions of the curves lie at fuel concentrations similar to the true flam-

mability limits at 1 atmosphere of pure normal paraffin fuels in the butane-heptane

range.
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Significance of Flammability Limits

Limits of flame propagation. - The significance of the observations discussed

in the foregoing sections must necessarily be considered in terms of the experimen-

tal conditions. The true limits of flammability, which are physicochemical con-

stants of the fuel at a given temperature and pressure, are not affected by the size

and shape of the vessel or by the igniter. As has been pointed out, measurement of

these true flammability limits has been confined mainly to atmospheric pressure,

because at lower pressures the quenching influence of the walls occurs. The limits

at lower pressures are therefore properly termed limits of flame propagation, and

may be related to quenching distances. That is, limits of flame propagation at low

pressures occur in mixtures that are actually flammable, and in sufficiently large

vessels, it appears that flame may propagate in these mixtures down to very low

pressures.

In addition, it is not yet certain that true limits of flammability may be mea-

sured in any but homogeneous mixtures of fuel vapor and air, because of the diffi-

culty of defining precisely the physical state of heterogeneous mixtures of liquid

and vapor fuel with air.

The limits of flame propagation at reduced pressure have already been dis-

cussed, and the relation to quenching has been described. The true limits of flam-

mability, determined for homogeneous mixtures at atmospheric pressure, remain to
be considered.

True flammability limits. - If a flame is to propagate through a mixture, it

is evident that each layer of fresh gas Just ahead of the flame must be ignited so
that the flame overtakes it Just as the chemical reactions of combustion reach the

state characteristic of the flame. It is therefore reasonable that the true limits

of flammability should occur at fuel concentrations such that Just sufficient energy

is transmitted from the flame to the gas ahead to allow this continuous ignition to

take place. Dilution of the limit mixture by fuel at the rich limit, or air at the

lean !i_it, would upset the balance, and flame would propagate ohly if aided by some
external energy supply such as the ignition source.

It was pointed out previously that diffusion of active particles and conduction

of heat from the flame zone to the cold gas are probably both important in the proc-
ess of flame propagation. It is not yet established which of these two mechanisms

will be more successful in explaining the observed combustion phenomena. Regardless

of the mechanism of energy transfer, however, it is logical to expect that the limit

concentration should be related to the amount of chemical enthalpy (heat of com-

bustion) available in the mixture for transfer to the unburned gas. This expecta-

tion is experimentally verified, at least in the case of the lean flammability lim-
its of hydrocarbon fuels. On the average, it is found that lean-limit mixtures of

most hydrocarbons have a combustion heat release of 10.4 kilocalories per mole of

fuel-air mixture (ref. 14). Also, Egerton and Powling (ref. 24) have shown a very

striking correlation between the heat of combustion of the fuel and the reciprocal
of the lean-limit concentration (ref. i0, p. 334). Similar correlations between the

heat of combustion and the rich flammability limits have not been so successful.

However, it has been found that the calorific values of rleh-llmit mixtures are ap-

proximately the same for several hydrocarbon fuels (ref. 13, p. 12). The same gen-
eral ideas of flammability limits may therefore apply to both rich and lean limits.

The foregoing discussion implies that there may be a characteristic tempera-
ture associated with the limit flames of each fuel. It will be recalled that in-

creased initial mixture temperature widens the limits, so that the heat of combus-

tion per mole of mixture is decreased. If there is a characteristic limit flame
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temperature, the decrease in heat of combustion should be Just balanced by the gain

in heat content due to the higher initial temperature. This is found to be approxi-

mately true for several hydrocarbons, and may explain the linear dependence of lim-

its of flammability on initial mixture temperature that is usually observed (ref.

13, p. 12).

The general ideas of flammability limits discussed have not as yet been im-

plemented with a useful theory. The theoretical approach of Lewis and yon Elbe

(ref. lO, p. 369) has not led to a means of calculating the limits from basic physi-

caZ and chemical properties of fuel-air mixtures. The ideas expressed in reference

25 have been somewhat more successful. In this work, it is pointed out, both on

the basis of the thermal theory of flame propagation of Zeldovich and from experi-

mental evidence, that the burning velocity does not fall to zero in a limit mixture.

Consequently, there must be some factor that prevents the propagation of slower

flames in mixtures more dilute than the limit mixtures. It was suggested that this

factor is the loss of heat due to radiation. The radiation in question is chiefly

infrared. On the basis of necessarily crude calculations, which were not described

in detail in the reference, it was estimated that radiation makes it impossible for

a flame to propagate in carbon monoxide mixtures at a velocity less than 0.065 foot

per second. The lean limit of carbon monoxide in air was calculated to be between

l0 and 13.5 percent carbon monoxide by volume, and the rich limit between 81 and

87.5 percent. These figures may be compared with those of reference 13, which gives

the limits as 12.5 and 74 percent, respectively. The agreement is quite striking

in this case; so far as is known, the theory has not been extended to other fuels.

In view of the Tact that data on the absolute energies emitted as infrared radia-

tion from gas mixtures at elevated temperatures are required for the calculations,

it would appear that a full evaluation of this theory would be a difficult task.

IGNITION

Ignition of gases is usually considered the process of producing a propagating

flame in a combustible mixture. There are many methods used to generate this

flame; the following are discussed in the succeeding sections: heated surfaces,

flames, hot gases, chemical methods, shock waves, capacitance sparks, and induct-

ance sparks. The information available on most of these methods is too voluminous

to permit detailed discussions of apparatus and results in this report, hence, only

perfunctory descriptions of apparatus will be given and only the more important

trend_ will be discussed.

As an aid in understanding the succeeding discussion of the ignition process

the following definitions are offered:

(i) Ignition temperature: The ignition temperature is defined as the lowest

temperature at which the heat lost from the gas is overbalanced by the heat gen-

erated by chemical reaction. At this temperature, the rate of chemical reaction

increases and results in the temperature being increased to the flame temperature.

However, when it is desired to determine ignition temperatures, it becomes neces-

sary to employ various types of apparatus which in themselves do not give the true

temperature of the gas but rather a temperature of part of the apparatus. Hence,

temperatures reported hereinafter for various ignition methods are equipment

temperatures.

(2) Ignition limits: Ignition limits of a mixture are those proportions of

fuel in air or oxygen that are Just capable of permitting flame in a portion of the

mixture for a specific ignition method. Because ignition is considered as the

process of initiating a propagating flame, ignition is limited by the limits of

flammability previously discussed.
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(5) Ignition lag: Ignition lag is the time betweenthe introduction of the
mixture to the ignition sourceandthe first indication of ignition.

Ignition by HeatedSurfaces

Themostimportantmethodsusedto obtain basic data onsurface ignition tem-
peraturesof fuels are: (i) crucible methods,static anddynamic;(_) heatedsur-
facesof various geometries; (5) adiabatic compressions method, and (4) bomb method.

The crucible methods have been the ones most widely used to obtain ignition

temperatures of liquid fuels. In this method, a drop of fuel is dropped through an

opening into a heated container containing either quiescent or flowing air or oxygen

(depending upon whether static or dynamic tests are to be made). The crucible tem-

perature and ignition lag are determined at the instant the drop bursts into flame.

The disadvantages are that the mixture composition is not obtained and that the heat

of vaporization must be supplied by the crucible. The ignition temperature is the

surface temperature of the crucible. This method has been derived from methods de-

scribed in references 26 and 27 and yields ignition temperatures which are among

the lowest found in the literature.

The dynamic heated-tube method (ref. 28) utilizes concentric quartz or pyrex

tubes in which the flammable vapor and supporting atmosphere are flowing and are

separately heated. The flammable vapor is metered into the large tube containing

the supporting atmosphere by means of a small orifice in the end of the small tube.

The measured ignition temperature is the mixture temperat_me at which flame appears

after a measured time lag. The mixture composition is controllable in this method.

The adiabatic-compression method was originally developed by Tizard and Pye

(ref. 29) to eliminate the effects of the surface on ignition temperature. The ap-

paratus was constructed with a piston that moved forward very rapidly to compress

a volume of fuel-air mixture in a cylinder; the piston was locked at the end of the

stroke. Reasonable calculations showed that the time required for any appreciable

heat loss from the gas to the cylinder walls was much greater than the observed ig-

nition lags. The ignition lags depend upon the temperature reached in the compres-

sion process; the temperature is calcuJated from the compression ratio, as deter-

mined from a pressure record.

The original intention of Tizard and Pye, that the ignition temperatures ob-

tained by the adiabatic-compression method should be those for homogeneous gas-

phase ignition, does not appear to have been fulfilled. The experiments of refer-

ence 29 showed that, although the ignition lags were only of the order of 10 -5

second up to a few tenths of a second, significant heat transfer to the cylinder

walls occurred. Lewis and yon Elbe, in a discussion of the adiabatic-compression

method, point out that all experimenters have found it necessary to condition the

walls of the reaction chamber in order to obtain consistent results (ref. I0, p.

162). This fact plainly indicates a wall effect on the ignition temperatures.

Furthermore, strong evidence for a wall effect has been obtained in photographs

taken through the end of the compression chamber fitted with a window; the pictures

show that luminous spots appear first at the surface of the cylinder and grow in-

ward (ref. i0, p. 165). Thus, ignition definitely does not occur uniformly through-

out the compressed mixture. For these reasons, it appears that the adiabatic-

compression method, like the other methods under discussion, gives some sort of

apparatus temperature rather than an absolute ignition temperature.

'l_ne bomb method (ref. _0] utilizes an evacuated chamber heated to a known tem-

perature. The flammable mixture is introduced into the chamber and time lag meas-

ured. The chamber has possible catalytic effects, and errors may result because of

the fact that the mixture must be heated before ignition can occur.
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Datafromall thesemethodscannotbe comparedbecauseof the difference in
ex_erlmentalapparatusandtechnique. However,data from onesourcecanbe usedto
showthe trends of d_fferent variables.

Mixture composition. - The effect of mixture composition on the surface igni-

tion temperature of electrically heated nickel strips (ref. 31) is shown in fig-

ure III-17. The approximately linear relations show that the ignition temperature

increases as the percentage of fuel in the fuel-air mixture increases and as the

strip width decreases. This trend of increasing temperature with increasing propor-

tions of fuel does not hold for all fuels. Figure lll-18(a) shows that, for some

hydrocarbons of the paraffin series, the temperature decreases with increasing fuel

proportions (refs. 30 and 32), although it m_ght be expected that the curves will

eventually turn back up at richer mixtures. Gasoline shows a trend similar to the

paraffin hydrocarbons (figs. lll-18(a) and (b)).

A fuel may exhibit two ignition temperatures at certain oxygen-fuel ratios

(ref. 33). For example, figure 111-19 shows the ignition temperatures for h-octane

and 2,2,4-trimethylpentane as a function of oxygen-fuel ratio. For the case of

2,2,4-trimethylpentane, the temperature gradually decreases with increasing oxygen-

fuel ratio. However, with the n-octane fuel and, for example, sn oxygen-fuel ratio

of 8, an ignition region is foun--d between 465 ° and 605 ° F, a nonignition region be-

tween 605 ° and 865 ° F, and another ignition region above 865 ° F. Hence, there are

two types of ignition: (i) a low-temperature ignition that is substantially con-

stant regardless of fuel concentration, and (2) a high-temperature ignition that is

affected by fuel concentration. The readily ignited hydrocarbons, such as cetane,

heptane, decane, and decahydronaphthalene, exhibit zones of nonignition above the

minimum ignition temperature (ref. 34). Reference 35 shows that mixtures of air

and straight-chain paraffins containing three or more carbon atoms exhibit zones of

nonignition. 0xidatlon-resistant hydrocarbons such as benzene, toluene, and _,2,4-

trimethylpentane exhibit no zones of nonignition. The phenomena of zones of nonig-

nitJon may be due to chain-making and -breaking mechanisms.

l_nition la 6. - The ignition temperature of a flammable depends upon the time

interval between the introduction of the flammable to the ignition source and actual

appearance of flames. Figure 111-20 shows the effect of this lag on the ignition

temperature of a gasoline-oxygen mixture (ref. 36). The temperature decreases al-

most hyperbolically with increasing ignition lag. The minimum ignition temperature

is reached when the temperature no longer decreases with increasing lag. This same

trend is observed with other fuels and other types of i_qition source (except

sparks).

The importance of ignition lag in ignition by heated surfaces is indicated in

figure III-20. The times shown are unreasonably long compared with the residence

time of a fuel in a combustion chamber. Therefore, for such applications, the sur-

face temperature must be markedly increased mr else some means provided to prolong

contact between fuel and surface.

Heated spheres and rods. - Heated spheres shot into the combustible have also

been used as ignition sources, with the results shown in figure 111-21. Ignition

temperature decreased as the diameter of the sphere increased because of the greater

surface area. In this study (ref. 37), the criterion for setting up a theory was

that the rate of heat generated by reaction should be greater than that lost by

conduction. It is shown that for a specific sphere velocity,

--T - T O = Ke_E/R T (8)
r
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where

E apparent energy of activation

K constant

R gas constant

r sphere radius

T heated sphere temperature

TO mixture temperature

Because of the ignition criterion that considered heat losses by conduction

only, the equation does not contain any factor relating to the duration of contact

of the fuel with the ignition source.

Heated rods have been used as ignition sources for high-velocity gas streams

(ref. 38) as shown in figure III-22(a). High mixture velocities correspond to

short ignition lags; thus, the ignition temperature of a flammable mixture in-

creases with increasing velocity of the mixture. These data have been correlated

(fig. III-22(b)) in accordance with the following equation:

ue =K (9)

where

C ,K constants

d heated rod diameter

E energy of activation of mixture

R gas constant

T heated rod temperature

TO flowing mixture temperature

U velocity past heated rod

Turbulence. - Data on the effect of turbulence on ignition are not extensive

and the little information that is available does not include quantitative measure-

ments of turbulence. Reference 31 shows that mild turbulence decreases the igni-

tion temperature; however, an opposite trend is reported in reference 32. In ref-

erence 32, the ignition temperature was increased approximately 30 o F by stirring
the mixture (fig. lll-2Z).

Surface condition and com?osition. - The condition of the heated surface may

affect ignition in that the scale or ash forms an insulating coating which requires

the whole material to be heated to a much higher temperature for ignition than would

otherwise be necessary. A gas film (e.g., absorbed water or carbon dioxide vapor)
may act in the same manner.
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Thecompositionof the ignition surfaceaffects the ignition temperature(refs.
31and39) of flammablemixtures. Theeffects of various surfacesare shownin
figure III-24. Differencesshownfor the varioussurfacesare probablydueto
thermalconductivity, catalytic activity, or oxidation properties. Exceptfor
molybdenumandplatinum, the surface temperatureincreaseswith the amountof fuel
in the mixture. Molybdenumoxidizes rapidly at these ignition temperatureswhich
probablyexplainsthe trend oppositeto other metals. Platinumis catalytically
active andthe results maybe explainedon that basis. Withplatinum, a reaction
of fuel andoxygentakes placewith liberation of heat at the surface. This heat
affects the temperaturegradient in sucha mannerthat less heatwill flow from
the heatedsurface, thereby inhibiting ignition. Therate of the catalytic reac-
tion attains a maximumat stoichiometricmixture composition,causingthe heat flow
from the surfaceto be minimum.Therefore, to compensatefor the smallerheat flow,
it is necessaryto raise the surfacetemperaturehigher in order to obtain ignition,
as shownby the peakin figure III-24.

This effect of type of Surfaceuponthe ignition temperaturedependsuponthe
particular methodof ignition used. For example,reference40 showsthat in the
dynamic-bombmethodof ignition changingthe metal surfaceshassubstantially no
effect on the ignition temperature. Glasssurfaces,however,ignite flammablesat
lower temperatures(ref. 41).

Surface area. - The effect of increasing the surface area of a heated plate

(ref. 32) is shown in figure 111-25, in which an increase in area lawers the igni-

tion temperature. Increasing the area from which heat may be transferred increases

the amount of heat output and correspondingly lowers the ignition temperature. The

curve appears tc approach a minimum temperature below which it is impossible to ob-

tain ignition regardless of area.

Small wires can cause ignition when heated electrically to incandescence. In

the case of platinum, difficulties are caused, however, by combustion without flame

that takes place on the surface of the wires. This combustion causes the wire to

have a temperature higher than when surrounded by air instead of a flammable mix-
ture. The mixture near the wire becomes heated and convection currents are set up.

Ignition of the mixture occurs only if the heated portion of the mixture remains in

contact with the wire for a period corresponding to a time greater than the ignition

lag. This convective effect is greater with stoichiometric mixtures (those that

have the highest thermal energies) and consequently results in higher ignition tem-

peratures at these mixtures.

The limiting minimum diameters of heated wires capable of igniting methane-air

mixtures are approximately 0.0079 and 0.0355 inch for platinum and iron wires, re-

spectively (ref. 42). For smaller wires it is assumed that a layer is formed on the

wire by oxygen molecules and sufficient heat cannot be conducted through the layer.

Heated particles (friction and fusion sparks) can cause ignition _mder certain

circumstances. However, in general, they are ineffective ignition sources and have

little practical importance in high-speed combustors.

Fuel composition. - Variations in molecular structure and molecular weight

affect the ignition temperatures of flammable mixtures to a large degree, as shown

in references 45 and 44, both using crucible methods. Ignition temperatures for

more than 100 organic liquids are reported in reference 43 and for 94 pure hydro-
carbons and 1S commercial fluids in reference 44. Portions of these data are

plotted in figures IlI-26(a) and (b), where spontaneous ignition temperatures are

shown as functions of the number of carbon atoms per molecule for several types of

compound. These figures show that the lowest molecular weight compounds have the
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highest ignition temperaturesandthat, for a given numberof carbonatoms,the
n-paraffins andn-olefins havesubstantially lower ignition temperaturesthan do
_ranchedparaffins andaromatics.

Ignition temperaturesfor severalaircraft fuels andlubricants are listed in
the following table. Thesedataweretakenfrom reference44 andfrom unpublished
NACAworkin whicha crucible method,substantially the sameas that of reference
44, wasused.

Fuel or lubricant

100/130Gradeaviation gasoline
Low-volatility aviation gasoline
Unleaded62-octanemotorgasoline
Kerosene
GradeJP-3 Jet fuel

SampleA
SampleB

GradeJP-4 Jet fuel
GradeJP-5Jet fuel

SampleA
SampleB

SAENo. i0 lube oil
SAENo. 60 lube oil

Spontaneous
ignition
temperature,

oF

844

900

568

48O

484

502

484

473

477

7ZO

770

The ignition temperatures for the Jet fuels are among the lowest found for

hydrocarbons.

There is no exact relation between octane number and ignition temperature,

but references 39 and 45 indicate that ignition temperatures of unleaded fuels

generally increase with increasing octane number. Data from references 34, 41,

and 46 show that the effect of decreasing fuel quality or cetane number is to in-

crease the ignition temperature (fig. III-27). Addition of tetraethyl lead also

increases the ignition temperature (ref. 34).

Pressure. - The effect of pressure on the ignition temperature of methane-air
mixtures as determined by a dynamic heated-tube method is shown in figure III-28(a)

(ref. 28) and its effect on the bomb-ignition temperature for four liquid hydro-

carbons is shown in figure III-28(b) (ref. 47). Ignition temperatures decreased

continually with increasing pressure over the pressure range investigated, which

was to 30 atmospheres in reference 47. The effects of increasing pressure on

crucible-method ignition temperatures are shown in the following table for JP-4
and JP-5 fuels (unpublished NACA data):

Pressure,
atm

Ignition

temperature,
OF

JP-4 JP-5

484 477

576 415

578 408
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A considerable decrease in ignition temperature is seen when pressure is increased

from i to 5 atmospheres. Further increases to 9 atmospheres had little effect.

Diluents. - The effect of adding diluents to flammable mixtures is to increase

the ignition temperatures, because the amount of oxygen is correspondingly reduced

(ref. 33). However, in the low-temperature type of ignition previously described,

the effect of diluents is negligible, the ignition temperature remaining substan-

tially constant.

Ignition by Flames

The energy required to initiate the chemical reactions characteristic of a

propagating flame may be supplied to a fuel-air mixture by means of flames. Two

separate situations may be considered:

(i) A pilot flame is immersed in the fuel-air mixture. Whether or not the mix-

ture will be ignited depends upon the mixture composition, duration of contact be-

tween flame and mixture, size and temperature of the flame, pressure, turbulence

level, and the nature and amount of diluents.

(2) A flame is propagating in one portion of a fuel-air mixture, separated from

a second portion by a constriction. Whether or not the flame will pass through the

constriction and ignite the second portion depends on the factors that govern flame

quenchin_ by walls. Among the important variables are the pressure, temperature,

mixture composition, nature and amount of diluents, and the size and shape of the

opening between the two regions of combustible mixture.

There is no extensive reliable literature on ignition by flames, nor have all

the variables mentioned been studied. The succeeding sections describe some of the

importantfacts that have been established.

Pilot flames. - Two basic sets of experiments have been conducted on the igni-

tion of homogeneous fuel-air mixtures by means of immersed flames. In both cases,

methane was the fuel and the methane-air mixtures were quiescent. The experimental

technique involved exposure of the mixture to a small pilot flame for varying short

intervals of time by means of a shutter, and the shortest contact time that per-

mitted ignition was measured. The work is described by Morgan in reference 48
(p. 44).

The first experiments established the minimum contact times for ignition as a

function of methane concentration in air for pilot flames of various lengths. The

results are shown in figure III-29. Mixtures slightly richer than stoichiometric

could be ignited with the shortest contact times, and increasing the length of the

pilot flame reduced the time required. The flame temperature was the same in all

cases; thus, an increase in heat-release rate appears to improve the incendivity of

pilot flames. The other interesting result of this work is the very short contact

times required. A flame 0.59 inch long was capable of igniting a range of methane-

air mixtures with contact times of only 0.005 to 0.004 second.

In the second series of experiments, the size of the pilot flame was kept con-

staut, but the temperature was varied by adjustment of the mixture. In this way,

it was found that the minimum contact tlme for ignition of methane-air mixtures by
a pilot flame burning at 5215 ° F was only about one-sixth the time required with a
flame at 2770 ° F.



111-28 NACARME54107

Thesetwoseries of tests therefore establishedthe importanceof both pilot
heat andpilot flametemperaturein the ignition of quiescentmixtures.

Propagating flames through constrictions. - It is apparent from a previous

discussion of flame quenching by walls that, if the quenching distance is known, the

possibility of a flame propagating in one portion of a mixture passing through a

constriction and igniting a second portion can be determined. All evidence indi-

cates that, if the flame succeeds in passing through the constriction, ignition of

the second portion is automatically insured. It is therefore appropriate to con-

sider the factors that affect quenching distance in connection with this type of

flame ignition; see FLAME QUENCHING.

Ignition by Hot Gases

Ignition by hot gases generally applies to the case in which fuel is injected
into hot air. The mixing process is an essential part of the sequence of events

leading to ignition. In addition, the chemical nature and physical state of the

fuel, and the temperature, pressure, and composition of the hot gas will influence

ignition.

In this section, some of the factors governing ignition of fuels injected into
hot air streams are discussed. The criterion for ignition in these cases is the

appearance of flame. Oxidation is accelerated by increased temperature; therefore,

the time lag, or ignition lag, from the instant of fuel injection until the flame

appears is a function of the air temperature. In addition, some of the experiments

showed that the relative amounts of fuel and air affect the temperature required for

ignition after a given ignition lag. It is therefore evident that it is meaningless

to quote an ignition temperature for a fuel, unless the fuel-air ratio and the time

lag before ignition are also specified.

One of the major difficulties in the measurement of such ignition temperatures

is that a mixing process is superimposed on the results. In the older work, the

fuel concentration varied from point to point in the apparatus, and there was no

attempt to determine the concentration at the point where flame first appeared. In

addition, there was often a chance for the fuel to undergo thermal cracking because

of prolonged contact with hot surfaces before it was introduced into the air stream.

Consequently, ideal ignition experiments of this type should be free of sur-

face effects, and mixing of the fuel and air should be nearly instantaneous, or

else the effects of mixing should be determined. Even if these requirements are

met, however, the experimental technique still affects the results; this point is

discussed more fully in a following section.

Two types of recent experiment are discussed:

(i) Injection of gaseous fuel into hot air, with very rapid mixing

(2) Injection of gaseous or liquid fuel into a stream of air plus hot products

of combustion from a "slave" burner, wlta no special attempt to secure
rapid mixing

Heated air. - A spontaneous-ignition apparatus that overcomes some of the ex-

perimental objections to the measurement of ignition temperatures has been designed

and used to study the ignition of propane by hot air (ref. 49). The work so far has

been limited to the effects of propane and oxygen concentration at 1 atmosphere
static pressure.
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Thepropaneandthe air werevery rapidly mixed in a specially designed cham-

ber; the mixing time with the low flow rates used was 6×10 -3 second or less. Con-

sequently, it is believed that no significant thermal cracking of the fuel occurred

before it was mixed with the air. The mixture was allowed to flow upward in a

glass flame tube, and the ignition lag was measured by means of a photocell that

responded to light from the flame, or by a pressure pickup that recorded a pulse

when ignition occurred. By means of several electric heating elements, conditions

were controlled so that the mixture, mixing chamber, and flame tube were all the

same temperature. The flame tubes were 36 inches long, and i or 2 inches in
diameter.

The results did not depend appreciably on the flame-tube diameter (ref. 49).
There was, however, an effect of flow rate: curves of ignition lag against flow

rate, at constant temperature and propane concentration, showed minimums for igni-

tion lag. The flow rate corresponding to the minimum lag shifted to higher values
for richer mixtures.

Nevertheless, the data of reference 49 definitely show that ignition lag de-

creases as propane concentration increases. Typical data, in the form of a log-

arithmic plot, are shown in figure 111-30. The ignition lags vary from 0.3 to 8

seconds, over a range of propane concentrations of 3 to 40 percent by volume, and

a range of temperature from 1014 ° to 1360 ° F. The straight lines of figure 111-30

show that the dependence of ignition lag on propane concentration may be expressed
by the following equation:

i/t = Constant[C3H 8]b (io)

where

b constant

[C3H8 ] propane concentration

t ignition lag, sec

The value of the exponent b may be determined from the slopes of the lines of

figure 111-30. These slopes have an average value of -0.93, so that the exponent
b in equation (i0) may be approximated by unity.

Reference 49 also describes experiments in which the oxygen concentration was

varied independently of the propane concentration. In this way, it was found that
there is a slight dependence of ignition lag on oxygen concentration. The follow-

ing equation expresses the combined effects of propane and oxygen concentrations on
the ignition lags at a given temperature:

i/t = Constant[C3H _ [0_ 1/4 (11)

Reference 49 showed that the temperature dependence of ignition lag is not of
the simple Arrhenius type; the data indicate that the activation energy is not con-

stant over the range of temperatures studied. However, the ignition-lag data could

be reas@nably well expressed (within 30 percent) by the following equation, which
accounts for all the variables studied:

t[C3H 8] [02] 1/4 = 0.030 + 5.4Xi0 -9 exp(26iOO/T) (12)
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where

[C_Ha], [ 02] concentrationsin molefractions

T temperature,OR

Theprecedingexperimentis subject to apparatus variables that appear to be

inevitable, even though some of the objections to the measurement of spontaneous

ignition temperatures have been removed. If the essential processes are assumed to

take place in the gas phase, ignition cannot occur until the rate of heat release

from the preignition reactions (or perhaps the rate of production of certain active

particles) overcomes the rate of loss to the walls of the test section and to the
air or inert gas that precedes the fuel-air mixture through it. Such a transfer

must occur even though the walls are maintained at the same temperature as the en-

tering stream of mixture, for the oxidation reactions release heat even before igni-

tion takes place, so that the temperature of the stream rises as it progresses

through the flame tube. Consequently, gradients in temperature and in concentration

will exist between the center of the tube and the walls, and the diameter of the

test section should have some effect on the results. The material of the walls

might also be of some importance. In addition, the flow rate should affect the ig-
oition lags at a given spontaneous ignition temperature, since it influences the

heat transfer to the walls. Similar considerations apply if processes at the wall

are assumed to be controlling. There is also the possibility that both gas-phase

and surface reactions are important, perhaps in different ranges of concentration

and temperature.

It is shown in reference 49 that some of the results can be qualitatively ex-

plained both in terms of gas-phase reactions, using a reaction mechanism based on
low-temperature oxidation studies, and in terms of a postulated surface reaction

between adsorbed oxygen and propane. In the latter case, it would be expected that

the ignition lags should depend upon the diameter of the flame tube; however, as

has been pointed out, there was little difference between the ignition lags measured
in i- and 2-i_ch tubes. Reference 49 suggests that the explanation may lie in the

fact that, whereas the smaller tube with its larger surface-volume ratio gives

greater concentrations of reactants per unit volume of gas, the smaller tube also

provides a larger relative area for loss of heat or destruction of active particles.

Concerning the other variables, the data of reference 49 show that ignition

lag depends upon flow rate. The possible effects of wall material were not in-

vestigated. It appears to be impossible to eliminate these variables entirely.

Until their separate influences are quantitatively understood, it will be very dif-

ficult to assign fundamental significance to measurements of spontaneous ignition

temperatures, that is, to use the measurements as a means of investigating the basic

chemical reactions that lead to spontaneous ignition.

Recently, studies with propane fuel have been conducted in a different appara-

t1_ over a higher range of spontaneous ignition temperatures (unpublished NACA data).

Ignition lags from 7 to 50 milliseconds were measured at temperatures from 1375 ° to

1600 ° F. Hot air was passed into an unheated duct fitted with a movable water s_rsy

near the exhaust end. The water flow was adjusted so that all of the water was Just
vaporized under the conditions of the test. Propane was introduced into the stream

from the end of a coil immersed in the incoming air; therefore, the fuel mixed with

the air at essentially constant temperature. Ignition was detected by a sharp in-

crease in the exhaust temperature, and the ignition lag could be varied by changing

the position of the water quench. The results did not appear to depend upon the

flow rate. The ignition-lag - spontaneous-ignition-temperature data followed an

Arrhenius type of relation; the apparent activation energy was about 43 kilocalories

per mole.
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Vitiated air. - Mullins (ref. 50) has provided some data on short ignition

lags obtained under rather specialized conditions. The objective was to simulate

the situation in current types of turbojet combustors. In this case, no flame

holders are provided in the combustors, and the fuel must be ignited by spraying

it into a primary zone of air plus hot products of combustion introduced by recir-

culation from the flame zone. In the apparatus described in reference 50, the air

was heated by addition of the hot exhaust from a "slave" combustion chamber situated

upstream of the test section. The fuel was injected through a nozzle; both vapor

and liquid fuels were studied. The ignition lag was determined from the known flow

rate and a measurement of the distance from the nozzle to the point at which the

spontaneously ignited flame stabilized in a gradually tapering diffuser downstream
of the injection nozzle.

Such an experiment must be subject to the effects of evaporation, mixing,

drop size, drop-size distribution, and turbulence. In addition, the air supply is

vitiated by the added combustion products, so that the oxygen concentration varies

below 21 percent, as a function of the temperature required in the air stream.

Mullins has attempted to account for many of these effects in reference 51, which

describes the results of studies on the ignition lags of kerosene-air mixtures.

Several physical variables were examined, with the following results:

(i)

(2)
increase

(3)

(4)

(5)
a baffle

Fuel-air ratio and velocity had negligible effects on ignition lag.

At a given air temperature, the lag increased about i percent per 3-micron

in spray Sauter mean diameter.

The lag decreased 15 percent per 140 ° F increase in fuel preheat.

The lag decreased 25 percent if the fuel was prevaporized.

Only slight changes were noted when the induction zone was in the wake of
that induced coarse turbulence.

Studies concerning the effects of air vitiation made with pure hydrocarbon

fuels showed that the spontaneous ignition temperature for a given time lag was

about 120 ° F above that for air (ref. 52). In the case of liquid fuels, it was

necessary to set the conditions so that the spray was evaporated before it pene-

trated to the walls of the duct. Furthermore, in reference 51, a nozzle size and

an injection pressure were standardized such that the spray Sauter mean diameter
was about i00 microns.

The basic measurement was the length of the induction zone, that is, the dis-
tance downstream of the nozzle at which the flame stabilized in the 3° diffuser.

It might be objected that the results were affected by propagation of the flame up-

stream into the hot mixture, or that the continuous presence of the flame influenced

the length of the induction zone by radiation. To test these possibilities, experi-
ments were conducted in which the flow of fuel was intermittent (ref. 51). The

flashes from ignited mixture appeared i to 3 inches downstream of the corresponding
continuous flame-front position. This result would seem to indicate that the con-

tinuous presence of the flame did have some effect, but it was pointed out that in-

termittent operation may not have allowed time for the nozzle to develop its normal

spray. Therefore, the difference between continuous and intermittent ignition lags

may have been due to a difference in spray characteristics. In any event, the dis-

crepancies were small in absolute magnitude, although percentagewise they were as
high as IS percent.

Subject to the preceding experimental variables, Mullins' work provides the

only measurements of the very short ignition lags of interest in present turbojet
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combustors.Themeasurementscoveredthe rangeof 1/2 to 30milliseconds ignition
lag. Typical data for kerosene,taken fromreference51, are shownin figure III-
31. Theeffects of pressurewerealso studied, andfigure III-31 includes lines
for pressuresfrom 9.88 to 29.92inchesof mercury. At a given temperature,the
ignition lag for keroseneunder the particular set of spray and stream conditions

was found to be proportional to the reciprocal of the pressure. Different pressure

dependencies were found for other fuels. Figure III-31 also includes a llne for a

gaseous hydrocarbon fuel, "calor gas", composed of C 4 hydrocarbons (ref. 52).

From the experimental data, activation energies were calculated and corrected

for the effect of air vitiation, so that the results corresponded to pure air. The

activation energy for ignition of kerosene was calcu/ated to be 45.5 kilocalorles

per mole; for "calor gas", 52 kilocalories per mole.

There are several striking differences between the experiments discussed:

(i) In reference 49, it was found that the ignition-lag data for propane did

not follow an Arrhenius-type plot; hence_ a constant activation energy was not ob-

tained. However, the empirical equation (12) used to express the data includes an

exponential term e2Gl00/T. This temperature dependence is much less than found in

references 51 and 52; the analogous exponential terms, with activation energies of

e47200/T45.5 and 52 kilocalorles per mole, would be e41200/T or . Although dif-

ferent fuels are involved, other experience would indicate that the temperature
coefficients for propane and "calor gas", in particular, should agree more closely.

(2) Reference 51 reported no effect of fuel concentration on ignition lag,

whereas in reference 49, it was found that the lag at a given temperature was pro-

portional to the inverse of the propane concentration.

(5) The data of reference 49 indicated a low order of dependence of ignition

lag on oxygen concentration, while reference 55 reported that the lag varied in-

versely as the square of the oxygen concentration.

It is impossible at present to ascertain the reasons for these discrepancies,

because the experiments are so different and the effects of variables are incom-

pletely understood. 'I"neneed for caution in the interpretation of spontaneous ig-

nition measurements is emphasized. In the present stage of knowledge, the safest

procedure for practical application of the data to hlgh-speed combustors is to

choose an experiment that most nearly matches the actual conditions. For example,

the work of Mulllns provides measurements suitable for such application to present

types of turbojet combustor. More basic experiments, such as those of reference

49, will eventually lead to a better understanding of ignition by hot gases.

Ignition by Chemical Means

The use of chemical methods for the ignition of high-speed combustors presents

some attractive possibilities. Such an expedient might make it feasible to ellmi-

hate the electrical systems that are used at present, and to substitute more compact

apparatus for chemical ignition. Furthermore, the ignition energy required of the

spark may become larger than can be provided in the current systems under severe

operating conditions, particularly under conditions of io_ static pressure and high
velocity. The electrical apparatus must be made correspondingly large to insure

ignition under such conditions. On the other hand, there are certain chemical com-

pounds in which large amounts of easily released chemical energy may be stored in
compact form.
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Thepossibility of chemicalignition in practical combustorsis still largely
speculative, for very fewactual tests havebeenmade. Consequently,only a brief
discussionof twomethodsof chemicalignition, andthe laboratory evidencethat
offers encouragementof their eventualapplication, will bepresented. Themethods
referred to are: (I) ignition by meansof spontaneouslyflammablecompounds,and
(2) catalytically inducedignition by meansof finely divided platinumor palladium.
Themoreobviousexpedients,suchas the useof squibsandflares, will not be con-
sidered in the categoryof chemicaligniters becausethey, in turn, mustbe started
by electrical means. In other words,the discussionwill be limited to casesin
whichthe merepresenceof an addedchemicalsubstancein a fuel-alr mixture leads
to ignition.

Spontaneously flammable compounds. - There is a fairly large number of chemical

compounds of the type MR x that have the property of bursting into flame when ex-

posed to air. In the preceding expression, M denotes a metal atom, R an alkyl group

(usually methyl or ethyl), and x depends upon the valence of the metal. Among

the more common metals, the lower alkyls of boron, aluminum, and zinc are gases or

liquids, and are perhaps of greatest practical interest. The specific compounds,

their melting points, and boiling points are listed in the following table:

Compound

Trimethyl boron

Triethyl boron

Trimethyl aluminum

Triethyl aluminum

Dimethyl zinc

Diethyl zinc

Formula

B(CH3)3
B(C2H5)5
Al(CH3)3

AI(C2Hs)3
Zn(CH3)2
Zn(C2H5)2

Boiling

point,
oF

-4.4

203

266

405

111.2

245.5

Melting

point,
oF

-259

-155.1

59.0

-20.5

-22.0

The methods of preparation and handling of these materials are not especially

difficult. The prime necessity is the exclusion of air. Additional information is
included in reference 54.

The metal alkyls listed seem to burst into flame spontaneously because they

readily yield free radicals and atoms by decomposition or on reaction with oxygen,

even at room temperature. Thus, a chain reaction is set up; the reaction rapidly

accelerates and causes the material toignite under suitable conditions. As would

be expected, the liquids burn most readily when their vapors are mixed with air,

sometimes with explosive violence. However, a small pool of trimethyl aluminum

burns gently when exposed to air, and is sometimes extinguished by formation of an

oxide scum that prevents access of air to the surface. All the materials yield

solid oxides on complete burning; this feature should be noted in considering their
practical use as igniters.

Inasmuch as the spontaneously flammable metal alkyls readily produce free radi-

cals, and, in addition, release heat on oxidation, it is reasonable to expect that

their presence in a fuel-air mixture should induce oxidation of the fuel, and, under

suitable conditions, lead to ignition. Available literature substantiates this ex-

pectation. The ignition of n-butane by dimethyl zinc (ref. 55) and by triethyl

boron (ref. 56) was studied.-The experiments were conducted in spherical glass

bulbs, in a thermostat at 68 ° F or less. The dlmethyl zinc or triethyl boron vapor

was admitted to the evacuated bulb to the desired pressure. Butane was then either

admitted separately, followed by rapid addition of oxygen, or a butane-oxygen mix-

ture was added rapidly.
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A minimum partial pressure of dimethyl zinc of about 0.59 inch of mercury was

required to induce explosion in the butane-oxygen - dimethyl zinc mixtures (ref.

55). A series of tests at a total pressure of 7.8B inches of mercury, all with 0.98

inch of mercury of dimethyl zinc, and with varying amounts of oxygen and butane,

showed that explosion could be induced over a wide range of composition. An igni-

tion lag was observed and it was concluded (ref. 55) that, when the rate of oxida-

tion of dimethyl zinc becomes sufficiently high, free radicals such as CH3, CH30,

and CH300 are liberated. These initiate a chain reaction in the mixture, heat is

released faster than it can be conducted away, and an explosion results.

The studies indicated that triethyl boron was even more reactive than dimethyl

zinc. Reference 56 reported that flashes occurred immediately on introduction of

oxygen into a bulb of triethyl boron vapor down to pressures as low as 0.083 inch

of mercury. There was no measurable induction period. When a stoichiometric

butane-oxygen mixture was admitted to a bulb of triethyl boron vapor to a total

pressure of 0.94 inch of mercury, no reaction occurred with 0.039 inch of the vapor

present. With 0.117 inch, a violent explosion took pkace; and with 0.197 or 0.394

inch, there was merely a faint flash. Thus, although triethyl boron appears to be

a more vigorous chemical igniter, there may be limits to the induced oxidation.

Aluminum borohydride A!(BH4) 3 is a volatile liquid (b.p., 112 ° F) that has been

reported (ref. 57) to ignite spontaneously on exposure to room air. The work de-

scribed in reference 58 extended the observations to the ignition of the vapor. As

in the preceding experiments, the explosions were observed when oxygen was rapidly

introduced to a bulb of aluminum borohydride vapor. It was found that with dry

oxygen, no explosion occurred at 68 ° F; with moist oxygen, explosion took place

immediately. Inasmuch as aluminum borohydride is known to undergo rapid hydrolysis,

it appears that this reaction is requisite to low-temperature explosion.

In a subsequent paper, the induced oxidation of hydrocarbons by aluminum boro-

hydride was reported (ref. 59). As might be inferred from the results described in

the previous paragraph, h-butane was not affected in dry aluminum borohydride -

n-butane - oxygen mixtures. However, if the mixture was moist, immediate explosion

occurred at 68 ° F under suitable conditions. When an unsaturated hydrocarbon fuel

was used, explosion could be obtained in dry mixtures; 1-butene exploded after an

ignition lag, and 1,3-butadiene exploded immediately.

Thus, aluminum borohydride is able to induce ignition of hydrocarbons at room

temperature, but only if a suitable small amount of water is present, or in dry

mixtures if the hydrocarbon is unsaturated. However, as reference 58 points out,

the need for moisture or unsaturated fuel is eliminated if the temperature of the

mixture is increased. Presumably, thermal dissociation provides the necessary chain

initiators at the elevated temperatures in dry mixtures.

Experiments to explore the value of aluminum borohydride as a practical igniter

are described in reference 80. Encouraging results were obtained when 1 to 2 cubic

centimeters of the material was injected into a single tubular turbojet-englne com-

bustor.

The evidence is conclusive that several spontaneously flammable compounds are

capable of igniting hydrocarbons. The particular materials discussed do not com-

plete the list of materials that may be of use. In view of the fact that one of the

materials, aluminum borohydride, has shown promise in practical tests, it is sug-

gested t>_t further research is warranted on this type of chemical ignition.

Catal_tic metals. - It has often been observed that finely divided metals can

promote reaction between substances that are otherwise inert to one another. The

metal acts as a catalyst, that is, it greatly accelerates the rate of reaction
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between materials that appear to be unreactive at ordinary temperatures and pres-

sures. For example, a stoichiometric mixture of hydrogen and oxygen may be stored

indefinitely at room temperature without visible reaction, even though it is a

thermodynamically unstable system. The reason is that the rate of reaction is un-

detectably small under the storage conditions. However, if a bit of platinum or

palladium black is added, the reaction is catalyzed on the metal surface, which

quickly glows red-hot and ignites the mixture.

The catalysis of hydrocarbon-air mixtures has also been observed, and these

facts suggest the possibility of an igniter of great simplicity. It should only be

necessary to place some platinum or palladium black at a suitable point in the com-

bustor, and ignition would then follow whenever a fuel-air mixture contacted the

catalyst.

The possibility of using catalytic ignition in practical combustors has not
been thoroughly explored. One report (ref. 61) described a catalytic igniter for

the hydrogen-air pilot of a 6-inch ram-Jet engine. Palladium was precipitated on

asbestos fiber, and a wad of this catalytic material was placed in each of four

conical pilots. Hydrogen from an auxiliary tank was used as the pilot fuel. The

hydrogen-air mixture was ignited by contact with the catalyst, and burned in the

flared portion of the pilot body. This flame, in turn, ignited the main stream of

mixture, which was propene and air. In laboratory tests, ignition was found to

occur smoothly and with no appreciable time lag with a hydrogen flow of 2 cubic feet

per minute. The results definitely confirmed the feasibility of this type of igni-

tion in the ram-Jet configuration for which it was designed.

Reference 62 reported tests of a different sort in a 1-inch-diameter burner

tube. In this case, platinum black was mixed with platinized asbestos and magnesium
chips, and the mixture placed in a cavity adjacent to the main stream. The fuel-

air mixture contacted the catalyst, and the resultant heating ignited the magnesium

chips. These produced a hot flame that was easily capable of igniting the main

fuel-air stream. The effectiveness of the igniter varied with the fuel, in the

following order: methyl alcohol _ methyl alcohol - gasoline > gasoline alone. In

some tests, ignition was obtained without the aid of magnesium chips, hut the time
lag before ignition was longer and the results were more erratic.

The idea of catalytic ignition is most attractive because such a system is
self-energizing; it depends only upon the presence of a fuel-air mixture to activate

the catalyst. The results of the two experiments described indicate that the method

may have practical merit, particularly in systems where especially reactive fuels

such as hydrogen are to be employed. However, further work is needed to determine

the useful life of a catalyst charge and its susceptibility to catalyst poisoning.

Ignition by ShOck Waves

The possibility of ignition of fuel-air mixtures by shock waves may readily be
seen by a brief examination of the properties of the waves. It is not within the

scope of this discussion to present the details of the formation and propagation of

shocks; many excellent references may be consulted on these subjects (for example,
ref. i0, p. 590).

A shock wave travels through a gas at a velocity greater than the local sound

velocity. As the gas flows through the wave, it undergoes abrupt increases in

pressure and temperature. The temperature is considerably greater than that ob-

tained by adiabatic compression, in which case the assumption is made that the

piston moves so slowly that equilibrium always exists; this condition is met in
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practical casesas long as the piston velocity is small compared with the average

molecular velocity. In the case of a shock wave, the piston head is the wave it-

self, and, as already stated, its velocity is high. Consequently, the compression

_s accompanied by the degradation of kinetic energy into random molecular motion,

that is, thermal energy.

An idea of the properties of shock waves may be obtained from the following

table (ref. lO, p. 594). The quantities in the table were calculated from the ap-

propriate hydrodynamic equations, for shock waves in air at an initial temperature
of 32 ° F.

Ratio of pressure
behind shock wave

to initial pressure

5

i0

5O

I00

i000

2OOO

Shock wave

velocity,

ft/sec

1,485

2,290

3,209
7,050

9,910

50,200

42,300

Temperature

behind shock,
OF

145

408

810

5,610

6,490

55,900

51,700

Temperature result-

ing from adiabatic

compression to same
pressure ratio,

OF

155

5O7

468

970

1250

2620

5270

The extremely high temperatures produced in the shock are sufficient to indicate

the potential of shock waves as ignition sources, particularly when the tempera-

tures in the table are compared with the spontaneous ignition temperatures that

have been quoted previously. In addition, the shock contains free atoms and radi-

cals that can promote rapid chemical reaction; shocks are often observed to be

luminous, even in inert gases.

Thus far, only shock waves in noncombustible gases have been considered. If

the gas is a combustible mixture, a mathematical analysis of the hydrodynamic proc-

esses that occur when a wave of chemical reaction sweeps through the mixture shows

that two different types of process satisfy the conservation laws. In one case,
the pressure and density behind the wave are both lower than those ahead of the

wave; th_s is called a deflagratlon, and constitutes the usual flame with which

this chapter is concerned. In the other case, pressure and density increase be-
hind the wave; this is a detonation. (For a complete discussion see ref. 65.)

Ordinary flames propagating in tubes are often observed to accelerate and

transform to detonation waves if the tube is long enough and the mixture is within

the concentration limits of detonability. The processes involved are not yet com-
pletely understood. It may be sufficient to state that the detonation wave is a

shock wave that continuously ignites the mixture into which it propagates, and is

sustained at a velocity very much greater than the normal burning velocity by the
energy released in combustion.

It is therefore seen that the possibility of ignition by shock waves is estab-

lished by the very existence of the phenomenon of detonation. In the situation

Just described, however, flame is present initially. Recent studies have shown

that ignition by shock waves can be accomplished without the presence of a prelimi-

nary, slowly propagating flame. In general, the technique has been to employ a

shock tube, in which an inert gas at high pressure is separated by a diaphragm from

a combustible mixture. When the diaphragm ruptures, a shock wave with a strength
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dependent on the bursting pressure and the properties of the inert gas travels into
the combustible mixture. The properties of this incident shock may be calculated

from shock-tube theory, and the shock of minimum strength required to ignite the

mixture can be determined. The technique has been used by Shepherd (ref. 64) with

methane-oxygen, methane-air, and ethene-oxygen mixtures, and by Fay (ref. 65)

with hydrogen-oxygen mixtures. In general, ignition resulted in a detonation if

the mixtures were within the concentration range of detonability, as might be ex-

pected. However, the incident shock did not by any means need to be as strong as
the detonation that resulted from it. For example, reference 64 showed that

methane-oxygen mixtures could be ignited by shocks in which the calculated tempera-

ture was 410 ° to 482 ° F; the calculated temperature in reference 65 for a 2H2-02

mixture was 266 ° to 680 ° F. Ranges of temperature are given because the results

depended somewhat upon the experimental arrangement, and the technique has not yet

been sufficiently refined to eliminate all extraneous effects. Nevertheless, the

indicated ignition temperatures are in a strikingly lo_er range than those deter-

mined by methods previously discussed, especially when the very short lags asso-

ciated with shock-wave ignition are considered.

The favorable results of shock-ignition experiments, and the fact that a detona-

tion wave is essentially a continuous ignition by a shock wave, have led to a sug-
gested engine utilizi_4 the principle (ref. 66). In such an engine, which might be

a form of ram Jet, the injectors would be moved into the diffuser upstream of the
normal shock. The shock would ignite the mixture and combustion would be completed

in a combustion chamber smaller than that required in present-day ram-Jet engines.

The exit nozzle would be used as a throttle to control the position of the shock

igniter. The engine would be self-startlng, and flame holders would not be re-

quired. Reference 66 should be consulted for further analysis of the characteris-

tics of a shock-ignition ram Jet and a discussion of its advantages and disadvantages.

It should be pointed out, however, that the principle need not necessarily be

utilized in the form described in reference 66. Although further experimental work

is needed, it appears that shock waves have a high potential for ignition of com-

bustible mixtures, and may be found useful in other than ram-Jet configurations.

Ignition by Capacitance Sparks

Probably the most important mode of ignition insofar as aircraft are concerned

is electrical discharges, such as sparks and glow or arc discharges. These sparks

or discharges permit the interchange of energy from an electrical circuit to a gas

in a relatively efficient manner and in a minute volume compared with heated sur-
faces, flames, or hot gases. Complete control can be exercised over the amount of

energy and the duration of the discharge. Although spark ignition has been the

subject of many investigations and has found wide use in practical applications,

there is still much to be learned about the mechanism whereby stored energy is con-

verted to flame. The__st complete summary available on spark ignition is that of
reference 67. -........

There are three types of discharges that have been used to obtain ignition:

capacitance sparks, inductance sparks, and capacitance sparks of long duration.

The rate at which energy is released is different for these sparks and accounts for
the difference in igniting ability.

Capacitance sparks are produced by the discharge of charged condensers into a

gas. The duration of such a discharge may be extremely short _0.01 microsec) for

low energies and can be as high as I00 microseconds for larger energies (71 J) be-

cause of inherent properties of the circuitry. The appearance of the spark is
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bright and the spectrum of the spark corresponds to that of the gas in which the

spark occurs. The current is high because of the low impedance of the spark gap.

Inductance sparks are obtained from transformers, ignition coils, and magnetos, or

when an inductive circuit is interrupted by opening contacts. Because inductance

sparks usually are generated by hlgh-impedance sources, the current is low; hence,

the sparks have a weak appearance. The duration is long and the spectrum corresponds

to the vapor of the metal electrodes. Capacitance sparks of long duration are pro-

duced when resistance is added to a capacitance discharge ignition system, the dura-

tion being controlled by the relative values of resistance and capacitance. When

resistance is added, the characteristics of the discharge, that is, current, dura-

tion, and appearance, become very similar to those of an inductance spark. Because

of losses in the resistance, such sparks are only useful for fundamental research.

The energy at the gap must be measured by oscillographic or calorimetric methods.

The energy in a capacitance spark as obtained from the discharge of a capaci-

tance is calculated by the following equation:

1J --_c

where

c capacitance of condenser_ farads

j energy obtained from capacitance, Joules

v I voltage remaining on condenser at instant spark ceases, volts

v R voltage on condenser Just before spark occurs, volts

This equation gives the energy released from the condenser, which may be higher

than that actually dissipated in the spark gap because of losses in the circuit un-

less extreme care is taken to minimize them. Usually v I is small compared with

v2, and hence may be neglected. However, in systems using large capacitors and

relatively low voltage, v I can be important.

In the succeeding discussion of the effects of variables on ignition by capaci-

tance sparks, the following definitions will aid in consideration of the results:

(i) Minimum spark-ignitlon energy: The minimum spark-ignition energy of a

flammable mixture is the total energy dissipated in the weakest spark that will

Just cause ignition.

(2) Quenching distance: The quenching distance is the electrode spacing mark-

ing the farthest penetration of the flame-quenching effect of the solid material.

At this spacing, the ignition energy is a minimum; below this spacing, the energy

increases.

(3) Electrostatic sparks: Electrostatic sparks are those sparks generated by

friction, impact, pressure, cleavage, induction, successive contact and separation

of unlike surfaces, and transference of fluids. They are the same as capacitance

sparks, the only difference being in the manner in which the energy is generated.

Data for electrostatic ignition energies would be the same as those determined for

capacitance-spark ignition energies.
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(4) Breakdown voltage of spark gap: The breakdown voltage of a spark gap is

the lowest voltage that may be applied to a spark gap and yet cause a spark to be

formed. This voltage should be distinguished from the spark discharge voltage,

which is the voltage appearing across the spark gap during the life of the spark or

discharge.

(5) Spark discharge: A spark occurs upon the electrical breakdown of a gas.
It marks a transition from a nonself-sustaining discharge (sometimes called dark

discharge) to one of several types of self-sustalning discharge, and usually takes

place with explosive suddeness. The most important of the self-sustaining dis-

charges are the glow and arc discharges. The type of discharge that results upon

spark breakdown of a gap depends upon the gas pressure, the gap length and shape,

the nature of the applied voltage, and the constants of the external circuit.

(6) Glow discharge: The glow discharge is a self-sustained discharge charac-

terized by a glow over a considerable portion of the cathode electrode, low current,

high voltage drop in the region close to the cathode electrode, small current densi-

ties at the cathode electrode, and generally a weak appearance.

(7) Arc discharge: The arc discharge is a self-sustained discharge character-

ized by an intense spot at the cathode electrode, high current, low voltage drop at

the cathode region, large current densities at the cathode electrode, and generally

strong appearance. It is the only type of discharge capable of supporting high
currents.

In discussing the parameters that affect the energy required for ignition using

capacitance sparks, an attempt has been made to disregard much of the older data

which, it is believed, do not contribute to the subject of spark ignition in the

light of present knowledge. For example, the bulk of the older work has been com-

pleted using electrode spacings shorter than the quenching distance, and many de-

ductions using such information are erroneous, as pointed out in reference i0.

Therefore, such information is used only where necessary to show a trend, and it is

indicated that such data were obtained within the quenching distance• The important
test conditions are included and will generally be found in the figures.

Mixture composition. - The effect of mixture composition on minimum ignition
energy of quiescent mixtures (refs. ii and 68) is shown in figures III-32 and -33

for three electrode configurations, various spacings, three fuels, and two pres-

sures. The curves show that well-defined upper and lower ignition limits exist

and that a minimum value of energy is required at a fuel composition of the order
of stoichiometric. For most fuels, the minimum falls on the rich side of stoichio-

metric. For example, the following table (obtained from ref. 69) shows the minimum

points of the curves for a number of different hydrocarbon fuels ignited at atmos-

pheric pressure with the same electrodes used to obtain the data in figure 111-32:

Flammable

Methane

Ethane

Propane
n-Butane

n-Hexane

R-Heptane
Cyclopropane

Cyclohexane
Benzene

Diethyl ether

Fuel in fuel-air

mixture,

percent by volum_

8.45

6.61

S. 07

4.53

3.64

3.3G

6.34

3.94

4.67

5.30

Percent fuel in fuel-air mixture

Percent fuel in stoichiometric

fuel-air mixture

0.88

1.17

1.26

1.47

1.71

1.82

1.45

1.75

1.75

1.57

Least

energy,

milliJoule

0.28

.25

•26

•26
.24

.25

.18

.24

.21

.19
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Datain figure 111-33for benzeneare higher thanshownin the table becausethe
electrodespacingwaswithin the quenchingdistance.

Theeffect of mixturecompositionon the minimumspark-ignition energyof
flowing propane-airmixtureat S inchesof mercuryabsolutewlth a long-duratlon
capacitancespark (ref. 70) is shownin figure III-34. Thegeneraltrend is the
sameas for quiescentmixtures;however,the energylevels increasewith velocity
as described in a subsequent section.

The data show that, under proper conditions of fuel-air ratio, the energy re-
quired can be extremely low. Any d2parture from this fuel-air ratio requires

higher ignition energies that tend toward infinity as the flammability limit is

approached. The extreme importance of 19eating spark plugs in the proper mixture
zone in a combustor is indicated.

Fuel type. - The type of fuel has a definite influence on the minimum ignition

energy as shown in the appendix. Reference 71 presents analysis of a number of
fuels with respect to molecular weight and arrangement of compounds with the fol-
lowing conclusions:

(i) Hydrocarbon ignition energies decrease in the order: alkanes, alkenes,
and alkynes.

(2) An increase in chain length or chain branching increases ignition energy.

(3) Conjugation generally lowers the ignition energy.

(4) For long chains, the effect of structural variation is small, but for short

chains, the effects are much larger.

(5) Negative substituent groups result in increasing ignition energy in the

order: mercaptan, alcohol, chloride, and amine. The effects of chlorine and amine

groups are particularly large.

(6) Primary amines increase ignition energy more than secondary or tertiary
amines.

(7) Ethers and thioethers increase ignition energy.

(8) The peroxide group lowers the ignition energy greatly.

(9) Esters and ketones increase ignition energy greatly, but aldehydes raise
ignition energy only slightly.

(i0) Ignition energies for compounds containing three-membered rings are very
low, particularly when oxygen is in the ring.

(ii) Saturated compounds containing six-membered rings have relatively high

ignition energies, but those of five-membered rings are about average.

(12) Ignition energies for aromatics are similar to those for linear hydro-
carbons containing the same number of carbon atoms.

Basic studies of ignition of fuel mists or sprays in air, a very important
aspect of fuel type, have not appeared in the literature because of problems associ-

ated with wetting of electrodes, energy absorbed by heat of vaporization, measure-

ment of drop size, partial vaporization of droplets, and volatility of fuel. These
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variables mayaffect the energyto suchanextent that theories andempirical cor-
relations formulatedfor gaseousfuel mixturesmaynot be applicable to liquid
fuels.

Electrode spacing. - The effect of electrode spacing for various electrode

configurations on the minimum spark-ignition energy (refs. ll and 12) is shown in

figures III-lO and -ll. With the unflanged electrodes and irrespective of pres-

sure, as the spacing is increased from low values, the energy required decreases.

At atmospheric pressure, the energy remains constant with further increase in

spacing. Eventually, the energy will rise again at much larger spacings. This

constant energy portion is not observed at low pressure. With flanged electrodes,

a spacing can be found below which ignition cannot be obtained regardless of the

energy supplied. This spacing defines the quenching distance that has been pre-

viously described.

The quenching distance also varies with composition, as shown in figure III-

32. The shape of the curve roughly parallels that of the energy curve. The data

show that to obtain easiest ignition, electrode spacing must be changed as the

fuel-air ratio is changed.

Electrode type. - Varying the electrode material has no significant effect on

the ignition energy of a flammable mixture with capacitance sparks of short dura-

tion. Ignition of gaseous mixtures by sparks from platinum, nickel, zinc, aluminum,

lead, brass, and steel electrodes was unaffected by electrode material (refs. 48

and 72). However, it is shown in reference 12 that, with long-duration capacitance

sparks, there may be an indirect effect of electrode material. In this reference,
it is shown that ignition energies can be different for the different materials,

depending upon the type of discharge produced. Figure 111-35 shows that stainless

steel electrodes which produced a glow discharge had ignition energies 50 percent

higher than cadmium electrodes which produced a discharge starting as an arc dis-

charge and changing to a glow discharge. If the type of discharge was a glow dis-

charge, varying the electrode material had a negligible effect.

The effect of electrode configuration is also shown in figure III-ii. It may

be concluded that the effect of electrode size is negligible at the quenching dis-

tance (0.65 in. at this condition). At spacings less than the quenching distance,

the larger electrodes require more energy than the smaller electrodes because of

the increased area for quenching to take place.

Condenser volta6e. - The effect of condenser voltage on the ignition energy
of a flammable mixture is negligible. That is, the ignition euergy required is

unaffected by increasing the condenser voltage as long as the capacitance is re-
duced to maintain the same stored energy. Reference 73 reports that the voltage

could be varied from 1.6 to 5.8 kilovolts without changing the ignition energy

required.

Spark duration. - The effect of increasing the spark duration in the range of
125 to 25,000 microseconds (ref. 70) is to increase the energy required approxi-

mately as a power function of the spark duration (fig. 111-36). This increase is

due to the energy being distributed over a larger volume. However, at extremely

short spark durations (2 microsec), the energy is considerably higher than that of

the majority of the longer-duration sparks. Reference 12 suggests that the in-

creased energy is due to the energy distribution along the spark length.

Oscillation frequency. - Some references (for example, ref. 74) have stated

that electrical processes are more important in the spark-ignition process than

any thermal processes. The research used as a basis for this viewpoint is that
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describedin reference75, in whichthe igniting powerof a sparkgeneratedby a
condenser-inductorcombinationincreasedwith decreasingoscillation frequencyof
the current waveof the spark. However,as pointed out by LewisandyonElbe in
reference10, the tests wererun underquestionableconditions, that is, all the
workwascarried out with electrodespacingsshorter than the quenchingdistance.
Hence,somesort of quenchingtest wasconductedthat gaveno informationregard-
ing electrical processes. Reference73reports the addition of inductanceto the
apparatusin anattemptto determinethe effect of oscillation frequencyon igni-
tion. At the quenchingdistance, noeffect of reasonableinductanceaddition was
found. Hence,in the light of the recentwork, it mustbe concludedthat inductance
hasnoeffect on ignition. Onequalification mightbe added. In somecaseswhere
high-energyignition systemsareb4ing used,the addition of inductancemight
changethe durationof the dischargeandso affect the ignition energyrequired.

Sparkin 5 rate. - The effect of sparking rate is described briefly in refer-
ence 76, in which an induction coil was used to produce sparks. However, the sparks

produced were a series of capacitance sparks from a characteristic capacitance in

the circuit. The first spark caused ignition if ignition occurred at all. The

passage of two to ten additional sparks had no effect. This was believed to be

because of somewhat lower voltage (and energy) in sparks following the first.

These tests were conducted with spacing within the quenching distance and are

therefore open to question. It is conceivable that, if the sparking rate is suf-

ficiently high and sparks following the first could be generated in the heated

zone left by the first spark, some effect could be observed.

Mixture velocity. - Increasing the velocity of flow of a combustible past the
electrodes increases the energy required for ignition (ref. 70)3 as shown in figure

III-37. Over the range of velocities indicated t5 to 54 ft/sec), the energy in-

creases approximately linearlywlth velocity. At higher velocities (ref. 77), the

energy increases much more rapidly (fig. III-38).

The velocity causes the spark to be blown downstream, thereby lengthening the

spark path and causing the energy to be distributed over a much larger volume.

Such distribution is dependent upon the gas velocity and spark duration. A theory

has been proposed in reference 78 to correlate the parameters of density, velocity,

spark duration, electrode spacing, fuel constants, and energy. This theory is

based on the idea that the total energy H of the spark may not be the important

factor in ignition of flowing gases with long-duration sparks. The spark is con-

sidered to move downstream at stream velocity U in the form of a square-cornered

U. The legs of the U will be continuously lengthening, but the length L (cor-

responding to electrode spacing) will remain constant. It is considered that this

length L is a line source of ignition, moving at mean stream velocity and is the

important part of the spark. The energy in this llne source HL is calculated by

making certain assumptions as to the manner in which and the rate at which the

energy goes into the spark. The energy is calculated as follows:

LH EUts + L

HL = _ log L (14)

where

H total ignition energy, Joules

HL energy in llne source_ Joules

L electrode spacing, ft
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t s sparkduration, see

U gasvelocity, ft/sec

Theenergy HL heatsa cylindrical volumeof the combustibleof length L and
radius r. Theradius r of this volumeis foundby assumingthe requirementof
ignition is that r mustbe of suchsize that the rate of heat generatedin the
volume must be equal to the rate of heat lost by conduction. An equation relating
the rate of heat generated and rate of heat lost determines the critical size of

r. Once r is determined, the amount of heat required to heat the volume of

radius r and length L to flame temperature can be calculated. This heat should

be equal to the heat HL from the spark resulting in

LqUt s 2Ut s + L (15)
pLH _ log L

for electrode spacings equal to or less than quenching distance Lq; or

Ut s 2Ut s + L
log (16)

pH L

for electrode spacing greater than Lq. A plot of equations (15) and (16) is shown

in figure III-59 for data obtained from references 70 and 78. Hence, from this

analysis, it may be concluded that only a portion of the spark length is important

in ignition of flowing gases by long-duration sparks. Energy in the remainder of

the spark is dissipated without any help to the ignition process.

Turbulence. - If a turbulence promoter such as a wire screen is placed upstream
of the electrodes in a flowing combustible gas (ref. 77), the energy required in-

creases with the wire size of the turbulence promoter and with decreasing distance
from turbulence promoter to electrodes (fig. III-38). The energy increases with

those factors that increase the intensity of turbulence. The idea of a line source

of ignition has been applied to turbulent ignition data similar to those shown in
figure III-59 (ref. 78). All the concepts considered in the previous section were

used except that the rate of heat loss was assumed to depend upon the intensity of

turbulence. From this analysis, it was shown that at constant pressure,

2Ut s + LH_ log 2) (17)
Ut s L

where

fJ_2 function of intensity of turbulence, ft/sec

A plot of this relation is shown in figure III-40. Hence, the energy in the line

source of ignition is shown to depend directly upon the intensity of turbulence.

The effect of scale of turbulence was shown to be negligible at this condition.

Pressure. - Pressure has a pronounced effect on the ignition of a flammable

mixture (ref. 73), as shown in figure III-41, in which the minimum ignition energy

increases with decreasing pressure. For most fuels, the energy varies inversely

as the bth power of pressure, where b is approximately 2. If the pressure is

reduced sufficiently, a pressure will be reached (minimum ignition pressure) below
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whichignition is limited by somefactors of the apparatussuchas electrodespac-
ing, size of ignition chamber,or available energy. Whetherthere is anultimate
limiting pressurehasnot beendetermined.Therefore,all the following dataare
apparatus-limited.

Figure III-42 showsthe energyincreasingas the pressuredecreasestowardthe
minimumignition pressurein tests (ref. 79) with constantelectrodespacing. This
curveis a combinationof two separateeffects, pressureeffect andquenchingeffect.
That is, as the pressureis reduced,the electrodespacingis effectively moved
farther within the quenchingdistance, since the quenchingdistanceincreaseswith
decreasingpressure. Different fuels exhibit different minimumpressures,as shown
in figure III-42 andthe following table (ref. 79):

Fuel

Hydrogen
Methane
i, 3-Butadiene
2-Butene
n-Butaneandisobutane
Benzene
2,4-Dimethyl-l,3-pentadiene
n-Nonane

Minimumignition
pressurea,

in. Hgabs

0.45
.75
.83

1.14
1.14
1.10
1.30
i. 30

aobtainedwith capacitancesparkj temperature,
75° to 85° F; electrodespacing,0.Ii0 in.
(less than quenchingdistance); energy,8.64J;
ref. v9.

Lowerpressuresthan thesecouldhavebeenobtainedif the tests hadbeenconducted
in apparatusof sufficiently large size so that quenchingcouldnot occur. Theim-
portanceof apparatussize hasbeenemphasizedin the quenchingdiscussions.

Pressurelimits for someof the petroleumfuels in air at roomtemperaturehave
beendeterminedas follows:

Fuel

IOOLI30Gradeaviation gasoline
115/145Gradeaviation gasoline
GradeJP-3Jet fuel
GradeJP-4 jet fuel

Reference

16
16
16
80

Minimumignition
pressure,a

in. HEabs

0.63
1.50
1.50
•51

aobtainedwith capacitancespark; temperature,78° F;
electrodespacing,1.0 in.

Minimumignition pressuresare also a function of the mixturecomposition
(ref. 79), as shownin figure III-43. Thelowestpressureoccursat about7.5 per-
cent mixture ratio andon the lean side of stoichiometrlc for methane.Hydrogen
also has the minimumon the lean side (ref. 79). For heavierhydrocarbons,suchas
propaneandj-butane, the lowestpressureoccurson the rich side of stoichiometric.
This phenomenonmaybedueto relative differences in diffuslvlties of air andthe
fuels. Air hasa diffusivity less thanhydrogenandmethaneandgreater thanpro-
paneandn-butane.
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In determiningthe effect of pressureon ignition energy,considerationmust
be givento the choiceof electrodespacingto be used, since the quenchingdistance
is also a function of the pressure(ref. 71). This is demonstratedin figure III-
44, whichshowsthat the quenchingdistanceincreaseswith decreasingpressure.
A completerelation betweenelectrodespacing_pressure, andminimumignition
energyis shownin figure III-45.

Thefact that the electrodespacingfor minimumignition energyincreaseswith
decreasingpressuremaybeexplainedby assumingthat a certain spark-ignition
energycaninitially ignite a certain massof flammablemixture. If the pressure
is decreased,the massoccupiesa larger volume, and hence the electrode spacing

must be increased so that the spark will be of sufficient size to ignite the larger

volume.

In the determination of minimum ignition pressures, capacitance sparks of high

energy have been used to overcome the quenching effect of the electrodes (ref. 79).

Figure III-46 shows the effect of electrode spacing and energy on minimum ignition

pressure for n-butane and 2,2,4-trimethylpentane. The data show that the higher
the energy, tKe less the effect of spacing on pressure. The energy of 8.64 Joules

that has been used (figs. III-48(a) and (b)) with a spacing of 0.110 inch ignites at

pressures close to the minimum of the curves, and consequently, not much is gained

by the wider spacing, although the optimum spacing would be greater than 1 inch.

Temloeratuze. - The effect of increasing the temperature is to lower the mini-

mum ignition energy, as shown in the following table taken from reference 81:

Fuel Temperature, Ignition energy, a

milliJoule

Carbon disulfide 77 0.76

212 .5

H-Heptane

Isooctane

n-Pentane
m

Propane

77

212

54O

77

212
540

-22

-4

77

212

340

347

-4O

-22

-4

77
135

180

212

599

77

212
560

Propene oxide

14.5

6.7

5.2

27.0

ii. 0
4.8

45.0

14.5

7.8

4.2

2.3

2.5

11.7

9.7

8.4

5.5
4.2

5.6

5.5

1.4

2.4
l.S

.9

aDetermined with capacitance spark, atmospheric

pressure, and flanged electrodes.
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Fromthesedata, a correlation wasobtainedrelating energyandinitial temperature
of the mixture. This relation wasof the form

H= BeCT (18)

where H is ignition energy,B and C are constantswhichare different for the
various co_Tpounds,and T is the initial temperature.

Theminimumignition pressureis not affected greatly by changingthe tem-
peraturefrom -50° to 300° F (ref. 79). Figure III-47 showsa slight linear de-
creasein pressurewith an increasein temperaturein this range. This decrease
is in the properdirection to be the result of decreasedquenchingcausedby in-
creasedtemperature,as discussedpreviously.

Diluents. - The addition of a diluent to a combustible gas has a marked effect

on the minimum ignition energy (ref. 75). It should be expected that the minimum

ignition energy is dependent upon the absorptive and conductive qualities of any

additive that might be present in the fuel, as well as upon the fuel itself. This
is shown to be true in figure III-48(a). If the nitrogen in a methane-air mixture

is replaced with helium, the energy increases; if replaced by argon, the energy de-

creases. With the exception of the methane-oxygen-argon mixtures, the minimum ig-

nition energies increase with increasing diffusivity of the mixture according to
reference 82.

The quenching distance curves (fig. III-48(b)) are similar to the energy
curves.

The effects of diluents on minimum ignition pressure of mixtures of n-butane

and oxygen with argon, nitrogen, carbon dioxide, and helium (ref. 79) are--shown in

figure III-49. In all cases, mixtures containing argon are the most easily ig-

nited; mixtures containing carbon dioxide are the least easily ignited. Humidity,

which might be considered as a diluent, would replace some of the oxygen, and would

thus cause higher ignition energies. This effect has not been determined experi-

mentally. The effect, if any, is probably small and can be neglected in most cases.

Ignition by Inductance Sparks

The difference between inductance sparks and capacitance sparks has been ex-
plained previously. The energy stored in an inductance is

= 1 _i_ (19)J

where

i current in circuit at instant of sparking, amp

j energy, joules

inductance, henry

Mixture composition, pressure, and teml0erature. - The effect of mixture compo-

sition, pressure, and temperature on minimum ignition energy with inductance sparks
is similar to that obtained with capacitance sparks. However, with inductance

sparks, much of the data have been obtained using the current in the primary of a

transformer as an indication of the energy in the spark gap. Since this method

does not give actual energies, the data are practically useless to both the
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ignition-systemdesignerandto the researcher. Also, muchof the datahavebeen
obtainedwith spacingsless than the quenchingdistance• For this reason,no
further discussionwill begiven concerningthese variables. References 83 to 89

give most of the information on inductance sparks•

Electrode spacin 6. - As shown in figure 111-50, the minimum electrode spacing

composition curve is very similar to those obtained with the capacitance spark

(fig. III-48(b)). The quenching distances with inductance sparks appear to be

slightly lower than those obtained with capacitance sparks.

Electrode _aterial. - The available data on inductance sparks indicate that,
unlike capacitance sparks, ignition energies of flammables are affected by changes

in electrode materials. Electrodes of platinum, nickel, copper, aluminum, and

iron have been used to ignite ethane-air and carbon monoxide - air mixtures (ref•

85). It was shown that decreasing density of the electrode material generally de-

creased the amount of energy required to ignite the flammable mixture. No separa-

tion of the types of discharge, that is, arc or glow, was made; therefore, no com-

parison can be made with the results obtained with the long-duration capacitance
sparks.

Circuit inductance and voltage. - The energy stored in an inductance is deter-
mined by a simple relation with inductance and current; however, there are two

factors that can be present which may cause errors in calculations. These factors

are the type of inductance used and the circuit voltage. Sometimes, in order to

obtain large energies, it is necessary to use inductances with metal cores, in which

case some energy losses occur in the core material, as can be concluded from the
following table (ref. 86):

Number of

layers in
inductance-

core winding

14

14

14

Core of coil

Air

Straight

iron bar

Rectangular
iron frame

Circuit

inductance,
henry

O. Ol

•07

.56

Circuit

current,

amp

0.35

.iS

•O9

Ignition

energles, a

milliJoules

0.6

.8

2.3

aIgnition of coal gas and air at atmospheric pressure and
temperature.

Hence, the effect of type of inductance (if losses are present) is higher read-
ings than are actually present in the spark.

The effect of circuit voltage in the case of sparks generated by opening con-

tacts through which current is flowing is current flowing after the energy in the

inductance is dissipated. The amount of extraneous energy caused by this after-

current increases with the circuit voltage• Therefore, since the actual ignition

energy in the spark gap is the sum of the stored energy plus the extraneous energy,
any ignition energy values based on calculated stored energy will be too low. This
effect is shown in the following table from reference 87:
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Circuit

potential,

volts

4

220

4

220

Circuit

inductance,

henry

0.0214

.0214

.012

.012

Circuit

current,

amp

0.77

.35

1.025

.4

Spark-

ignitio_

energy, a

milliJoules

6.35

1.30

6.30

.96

algnition of 8.5 percent by volume mixture of

methane in air at atmospheric pressure and

temperature.

Current type. - Whether the current is alternating or direct appears to have

no effect on ignition with inductance sparks (ref. 88).

SIGNIFICANCE OF BASIC qUENCHING, FLAMMABILITY, AND IGNITION DATA

IN RELATION TO AIRCRAFT PROPULSION PROBLEMS

The data herein presented show the environmental conditions under which igni-

tion and flame propagation in hydrocarbon-air mixtures may be obtained. With a

fuel-air mixture contained in an apparatus large enough to preclude quenching,

there are practically no limits to the conditions under which ignition and flame

propagation may be obtained except the concentration limits of flammability. Hence,

if proper mixtures can be produced in an aircraft combustor, there should be no

basic limitation insofar as ignition and flammability are concerned in the over-all

aircraft propulsion problem. However, practical limitations arise at present be-

cause of the finite size of combustors, the presence of turbulent flow, and the

limited energy available from ignition sources.

There are some areas in which more work is needed. The quenching, flammability,

and ignition of fuel sprays and mists have not yet been studied sufficiently. The

effects of velocity and turbulence on flammability are still somewhat in doubt.

Only a limited amount of research has been done in the promising field of chemical

ignition.

As yet, there is no unified theory that is able to predict quantitatively the

limits imposed on combustion by quenching, flammability, and ignition, from a

knowledge of the basic physical and chemical properties of a combustible mixture.

However, some qualitative ideas can be presented on the basis of present knowledge.

The ideas are discussed under the three main types of work described in this chapter.

Correlations between fundamental combustion properties and combustor performance,

which at present must largely take the place of a general quantitative theory, will

be given in subsequent chapters.

quenching

The quenching effect of walls is always present when a flame is enclosed by a

duct. If flame propagation is to occur, the dimensions of the volume to be burned

must be larger than the quenching distance at the lowest presssure and most un-

favorable fuel-air ratio encountered. Even if the flame is stabilized and is in no

danger of being quenched by the walls, the dead space still exists and may be ap-

preciable under some conditions. Thus, it should be noted that the full cross sec-

tion of the chamber is not available for heat release.
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In some current tubular-combustor turbojet engines, only two of the chambers

are fitted with spark plugs. The remaining chambers must be ignited by the spread

of flame through cross-fire tubes. Altitude starting performance should therefore

be adversely affected by quenching of the igniting flame if the cross-flre tubes are

too narrow. This has experimentally been found to be the case.

Recent work indicates that homogeneous gas-phase quenching may also occur be-

cause of turbulent motion. Thus, it is possible that measures taken to increase
turbulence and thereby improve mixing or extend the residence time of the fuel in

the combustor may actually result in no change or even a decrease in combustor
performance.

Flammability

A self-sustained flame cannot exist in a mixture unless the fuel concentration

is within the flammable range under the given conditions. Consequently, excessive
dilution of the burning zone with either fuel or air must be avoided. It should

again be pointed out, however, that flames sustained by a continuous ignition source

such as a pilot may sometimes exist at over-all fuel-air ratios outside the range

of flammability.

The effects of diluents must also be considered. For example, if it is re-

quired to burn fuel in an atmosphere containing exhaust products, substitution of

carbon dioxide and water vapor for some of the oxygen originally present will narrow

the flammable range. If the exhaust products are hot, the increased temperature

may tend to compensate for this narrowing. Such questions might arise, for example,
if a pilot flame is required to burn in the presence of recirculation from the main

combustion zone of the combustor, or in the case of an afterburner.

Ignition

Ignition in the high-speed combustor can be accomplished by any of the methods

discussed; however, practical considerations may make some of them infeasible. For

example, ignition by electrically heated surfaces is very inefficient compared
with ignition by electrical discharges. Not only must the mass of the heated sur-

face be raised to the required temperature but also a larger volume of gas must be

heated because of the longer times required to attain ignition.

Flames or hot gases can be effective ignition sources, but there must be avail-

able an additional ignition source to produce the flame or hot gas in the first

place. In aircraft at adverse starting conditions, it may be Just as difficult to

ignite the pilot as it would be to ignite the main combustible. Ignition by electri-

cal discharge or by chemical means, therefore_ appears to be the most feasible

method, although chemical ignition has not been adequately investigated.

The ideal environmental conditions for ignition by electrical discharges are
as follows:

(i) High pressure

(2) High temperature

(3) Low gas velocity and turbulence
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(4) Location of spark in zone of best mixture composition

(5) Gaseous fuel-alr mixture

(6) Electrode spacing maintained at quenching distance

(7) Optimum spark duration

Obviously, it would be impossible to satisfy all these requirements in an actual

combustor, but any attempt to satisfy as many as possible would result in lower ig-

nition energies and lower-weight ignition systems.

Whether capacitance or inductance sparks are the better for ignition is a

point for consideration. The data presented herein show that capacitance sparks

can readily be varied over a tremendous energy range, whereas inductance sparks may

possibly be limited to those applications where low energy is required. On the

other hand, if the data on the effect of spark duration using long-duration sparks

are used as an indication of what might happen with inductance sparks, there may be

some instances where inductance sparks are superior to capacitance sparks.

It would appear, then, that a choice between the two systems would depend upon

the actual energy required. Design and operation of the ignition systems producing

these two types of sparks might be the important factor in selecting the type of

spark to be used.

The fact t[_t there is a minimum contact time, or ignition lag, for ignition

by heated surfaces, hot gases, or pilot flames, introduces the possibility of an

effect of such ignition sources on the combustion efficiency of combustors that

utilize them. If the flow rate in a given burner is fixed, lOO percent combustion

efficiency can be obtained only if there is sufficient residence time for the mix-

ture to be ignited and for the fla_e to consume the mixture as rapidly as it flows

into the chamber. The consumption time depends upon the burning velocity under the

given conditions. Therefore, if the required time for contact with the ignition

source is excessively long, insufficient time for burning may remain before the

mixture leaves the burner, that is, only part of the fuel may be consumed, and the

combustion efficiency may fall below i00 percent.
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TABLE III-I. - FLAMMABILITY LIMITS IN AIR AT ATMOSPHERIC PRESSURE

AND ROOM TEMPERATURE a

n-Paraffins

Methane

Propane
Butane

Pentane
Hexane

Heptane

Fuel

Octane i. 0

Isoparaff ins

2,2 -Dimethylpr opane i. 4

2-Methylpentane 1.2

2,2,4-Tr imethylpent ane 1.1

2,2,3,3-Tetr amethylpent ane .8

Lean limit

Volume Stoichi -

percent ometrlc
fuel-alr

rat io,

percent

5.3 55.5

2.2 53.8

1.9 60.1

1.5 58.2

1.2 55.2

1.2 63.9

• 60.3

54.2

55.2

66.5
53.9

Rich

Volume

percent

14

9.5

8.5

7.8

7.5

6.7

7.5

7.0

4.9

limit

Stolchi-

ometric

fuel-alr

ratio,

percent

156

251

288

323

368

378

201

342

345
Olefins

Ethene

Propene
l-Butene

Aromatics

Benzene
Toluene

Ethylbenzene

3.1

2.4
1.6

1.4

1.4

1.0

45.8

52.8
46.8

50.9

61.1

50.7

32

10.3

9.3

7.1

676

247
294

275

aRef. 13.
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TABLElll-II. - TYPICALDISTILLATIONDATAFORAIRCRAFTFUELS a

Temperature, oF

A.S.T.M. distillation D86-52,

Percentage evaporated

Initial point
i0

2O

3O

40

5O

6O

70

8O

9O

End point

AN-F-48,

100/130

105
144

162

178

191

202

210

219

225
236

299

a

Ref. 15.

MIL-F-

5616,
JP-I

338

362

366

369

373

377

381

387

393

404
424

MIL-F-5624A

JP-3 JP-4

113 148

169 218

198 255

218 288

236 319

254 549

270 378

293 409

324 441

588 475

475 561

TABLE III-III. - FLAMMABILITY LIMITS OF AIRCRAFT

FUELS AT 300 ° F

Fuel

100/130 gasoline
_-i

_-3

Flammability limits

Fuel-air ratio a Volume percent b

LeanLean Rich

0.041 0.27

.037 .31

.037 .30

1.17

.71

.93

Rich

7.27

5.65

7.08

aRef. 16.

bEstimated.
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CHAPTER IV

LAMINAR FLAME PROPAGATION

By Gordon L. Dugger, Dorothy M. Simon, and Melvin Gerstein

INTRODUCTION

The ul_imate goal of fundamentsl studies in laminar flame propagation is a com-

plete k_Lowled_ze of the chemical kinetics of the flame reactions. With a knowledge

of the kinetics, the effects of variables on the propagation rate could be predicted,

and the probkems of combustion-chamber design could be approached with greater con-

fidence. Unfortunately, however, the experimental problems involved in the study of

kinetics at high temperatures are yet to be solved. Consequently, current studies

of the combustion process are necessarily conducted in terms of the laminar flame

velocity, minimum ignition energy, flammability limits, and quenching distance. The-

oret_cal interrelations that are in accord with the experimental results indicate

these to be fundamental properties of the mixture when properly measured. Correla-

tions between some of these properties and engine performance parameters show that

the renults of such studies may be of considerable practical value in the aircraft

propulsion field.

In this chapter, an attempt is made to summarize available information on lam-

inar flame propagation. Characteristics of laminar flames - the structure of the

combustion wave and the relation of direct, schlieren, and shadow photography to that

structure - are considered. Also discussed are methods of measuring flame velocity,

along with effects of physical and chemical variables on flame velocity. A brief

survey of the theory of laminar flame propagation is presented, with particular em-

phasis on the Semenov (thermal mechanism) and Tanford-Pease (active-particle-diffusion

mechanism) equations for flame velocity. A discussion of the more significant exper-

imental evidence in the controversy concerning thermal against diffusional mechanisms

is also included. Finally, experimental data and methods of predicting flame veloc-

ity are summarized with respect to their significance and application to practical

problems of combustion.

A

a

B,B'

b

C

c
P

D

SYMBOLS

The following symbols are used in this chapter:

cross-sectional area

exponent

dimensionless quantities

exponent

constant

specific heat

diffusion coefficient

E activation energy
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dZ

M

m

N

N
e

n

P

P

Q

R

r

dr

S

S

T

t

U

V

X

mass-flow rate

enthalpy

height of luminous cone

rate of production by chemical reaction

flame velocity coefficient

empirical proportionality factor

average proportionality constant

specific rate constant

leng%h of curve

length of flame boundary

molecular weight

ratio of moles of reactants to moles of products

number of C-H bonds

Avogadro number

concentration

steric factor

pressure

heat of reaction

universal gas constant

radial distance

distance between flow lines

surface area

slant height

temperature

time

velocity

volumetric flow rate

mole fraction
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X

Z

Y

5

co

distance

collision number

angle between direction of approach flow and burning surface

ratio of specific heats

reaction-zone thickness

expansion ratio of gas mixture

thermal conductivity

viscosity

density

collision diameter

equivalence ratio

molar ratio, 02/(02 + N 2)

reaction rate

Subscripts:

am

av

cir

d

e

eff

F

f

g

i

ig

ins

J

Z

ambient

average

circumscribed

diffusion

equilibrium

effective

flame

fuel

gas

i th species

ignition

inscribed

jth specie s

linear

m mean
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CHARACTERISTICS OF LAMINAR FLAMES

A flame is a rapid, self-sustaining chemical reaction occurring in a discrete

reaction zone. Reactants may be introduced into this reaction zone, or the reaction

zone may move into the reactants, depending on whether the unburned gas velocity is

greater or less than the flame velocity. The flame velocity, which is also called

burning velocity or normal combustion velocity, is the velocity at which unburned

gas moves through the combustion wave in the direction normal to the wave surface.

This definition refers to the velocity of unburned gas relative to the flame front

as determined at some point beyond the influence of the flame, that is, at a point

where the gas velocity has not yet been altered by either heat conduction from the

flame or the pressure field set up as a result of the thrust pressure of the flame.

It is obvious that different types of flame photography and different methods of

measurement and computation from flame photographs would give different results,

depending on how closely the photographs and measurements approximate the true re-

lation between the reference gas velocity and the flame front.

The preheating of the gas by heat conduction from the flame reaction zone is

best understood by considering the temperature profile for a laminar flame and the

relation of each type of photography to some point in the temperature profile as

determined by theoretical considerations and experimental evidence. The bending of

unburned gas flow lines due to the pressure field receives less attention than the

preheating effect in this report, since its effect on flame velocity measurements

is generally less important.

Temperature Profile

Three experimental techniques have been used recently to determine temperature

profiles:

(I) Traversing with fine thermocouple (refs. 1 and 2)

(2) Traversing with very fine slit of light and determining flame temperature

from refractive index (ref. 5)

(3) Tracing curved path of stroboscopically illuminated dust particle and com-

puting temperature from measurements of its direction and velocity (refs.

4 and 5)
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Friedman (ref. 2) used a ceramlc-coated thermocouple made by gas-welding 0.0012-

centimeter platinum and platinum - lO-percent-rhodlum wires to traverse a very lean

propane-air flame (flat flame on 25-cm burner; mass air-propane ratio, 29.2; flame

thickness, -2 cm; pressure, 0.0594 atm). The resulting temperature profile had a

shape similar to that of figure IV-1. The significance of such a temperature pro-

file is as follows: At the point Xo, the temperature of the unburned gas has Just

begun to increase because of the heat conducted from the flame reaction. The tem-

perature rises rapidly until the equilibrium flame temperature TF is reached at a

point xF. These boundaries are not defined exactly, since the limiting values T o

and TF are approached asymptotically; but the convergence is very rapid, so that

the boundaries can be defined within narrow limits of T.

Consider first the part of the profile in which the temperature rises from T O

to a temperature TS, which marks the inflection point of the T,x curve. This

portion of the curve is convex toward the x-axls \A-_ > , which means that a mass

element in this region gains heat by conduction from the hotter elements downstream

faster than it loses heat to the cooler elements upstream. There is little chemical

reaction in this region; hence, little heat is evolved. Calculations of reference 6

show that 14 percent of the heat release occurs before reaching the luminous zone,

which is generally considered to begin at some point beyond (Ts,xs). Consequently,

this region may be called the preheat zone. The mass element expands in volume,

causing an acceleration of the unburned gas. On passing TS, the mass element changes

from a heat sink to a heat source, and the curve is concave toward the x-axls

-_ . The temperature of the element continues to rise because of the heat evo-

lution from the chemical reaction, and this region between T 5 and TF may there-

fore be called the reaction zone.

The inflection point T3 maybe called the ignition temperature, but it is

distinguished from the spontaneous ignition temperature determined in a static sys-

tem (see ch. III and the appendix), where the ignition delay time may be lO 5 to 10 6

times the period required for the element to traverse the preheat zone of a station-

ary flame. The temperature T 5 may be calculated by numerical integration of theo-

retical equations for simple decomposition flames such as the ethylene oxide flame

(ref. 7) or determined approximately by careful temperature traverse of the reaction

zone by one of the methods mentioned previously.

The relation of direct, shadow, and schlieren images to the temperature profile

is discussed in the following sections. While differences in the flame areas deter-

mined by these three types of flame photographs are pertinent to any method for

measuring flame velocity, most of the discussion is given in terms of the inner cone

of a Bunsen burner flame illustrated in the following sketch:
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Inner cone (blue cone)

Outer mantle of burned

gas (may be slightly

luminous, particularly

for rich mixtures)

Unburned

gas

Relation of Various Images to Temperature Profile

Luminous zone. - Direct photography, or direct observation, reveals the luminous

zones of the flame. Flame velocity measurements from direct photographs (fig. IV-2(a))

are based on the zone of most intense illumination, which in the case of Bunsen flames

ks the bright inner cone, sometimes called the blue cone (see preceding sketch). Ear-

ly workers in the combustion field (see reviews in refs. 8 and 9) presumed that the

width of this luminous zone represented the distance between the initiation of com-

bustion and its completion and that flame velocity measurements were properly based on

the inner edge of this zone. It has since been established that the entire luminous

zone (inner cone) lies at a temperature very near the maximum, or flame temperature,

as represented by the region (4) adjacent to inflection point (3) in figure IV-1 (refs.

l, lO, and ll). Before reaching this zone of high heat release but small temperature

gradient, the gases experience preheating that causes expansion and bending of the

flow lines. As a result, a flame surface chosen at any point in the luminous zone is

too large for flame velocity measurements, which are traditionally referred to the

unburned gas flow.

Therefore, direct photographs, which are the easiest type to obtain provided the

flame is sufficiently luminous, produce a surface larger than the cold gas surface

and may indicate erroneously low flame velocities.

Schlieren image. - When schlieren photography (refs. i, 4, 8, and i0 to 13) is

used, a surface is found that has a temperature much nearer that of the unburned gas.

The schlieran method also has the advantage of a sharply defined surface (fig. IV-2(b))

as compared with the less distinct inner edge of the luminous zone or the comparative-

ly fuzzy outer edge of the shadow cast by the cone (fig. IV-2(c)). In the most common

use of the schlieren method for flame velocity measurements, the flame is placed in the

parallel-beam section of a z-type, two-mirror (or lens) schlieren system. A knife

edge, placed at the focus of the second mlrror, is advanced into the image of the

finite light source so that it cuts out approximately half the light. The light pass-

ing the knife edge penetrates the objective lens of the camera, which brings the flame

image into focus. The density gradients in the flame cause the light rays, which are

parallel as they leave the first mirror, to be refracted. Light rays refracted in a

direction perpendicular to the knife edge by a positive density grsxllent are bent away

from the knife edge, and an increase in illumination at the corresponding point in the

flame-image plane results. On the other hand, a negative density gradient results in

decreased illumination. Thus, the brightest portion of the flame image corresponds
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to the maximum optical density gradient, which for all practical purposes may be iden-

tified with the mass density gradient. Since the density p is inversely propor-

tional to the absolute temperature T, it follows that

dp i dT

_3_ T 2

This expression shows that the maximum of the density grs_iient (flame cone edge given

by schlieren image) does not coincide with the maximum of the temperature gradient

represented by inflection point (Z) in figure IV-l, but occurs at a considerably lower

temperature represented by point (1).

Experimental verification of the applicability of the schlieren surface for

measuring flame velocity, insofar as the bending of flow lines due to temperature is

concerned, has been obtained in several ways. Broeze (ref. ll) investigated the tem-

perature gradient near the schlieren boundary by introducing smoke into the unburned

gas. Ammonium chloride, which decomposes at 320 ° C, and zinc oxide, which sublimes

at 1800 ° C, were used. The ammonium chloride track disappeared about 1 millimeter

before it reached the luminous zone in a butane-air flame at atmospheric pressure.

The point of disappearance coincided with the edge of the schlieren image. The zinc

oxide smoke showed a sharp drop in density about 0.1 millimeter beyond the schlieren

edge. Thus, the temperature gradient is very steep in this vicinity. Lewis and

yon Elbe (ref. 8, p. 254) similarly found the preheat zone of a natural gas flame to

be approximately 1 millimeter thick by using stannic chloride hydrate smoke, which

disappears by dissociation of the hydrate beginning at about 83 ° C and reappears as

stannic acid after passing the reaction zone. Klaukens and Wolfhard (ref. l) studied

the reaction zone of flat acetylene-air flames at low pressures using luminous and

schlieren photographs and thermocouple traverses, with qualitatively similar results.

For a flame at 1S millimeters of mercury, the maximum density gradient corresponded

to a temperature of 200 ° C, whereas the maximum luminosity corresponded to a tempera-

ture near the maximum temperature. Reference 4, reporting studies of the tracks of

stroboscopically illuminated particles of magnesium oxide, and reference 15 added

further confirmation. The majority of investigators believe that schlieren photogra-
phy gives the image best suited for flame velocity measurements.

Shadow image. - Shadow photography (fig. IV-2(e)) has been used considerably

in recording flame velocity data. _ne optical setup for a shszlow system is simpler

than that for a schlieren system. In the simplest form, a point source of light is

placed on one side of the flame and the film is placed on the other side. Shadow

photographs are also obtained by the parallel-beam method, in which case the camera

is focused on a plane between the flame and the second mirror (real shadow image of
the flame).

Formerly, many investigators based their flame velocity measurements on the in-

side edge of the shadow cast by the cone, but it has since been demonstrated that the

outside edge of the shadow should be used. In reference 14, calculations were made
of refractions of parallel rays for a simple flame model in which the flame surface

of the inner cone was considered as a discontinuity between the cold unburned gas and
the hot burned gas within the outer mantle. Constant refractive indices of 1.0003

for the unburned gas and the external atmosphere and 1.00004 for the burned gas were

assu_d. The calculations showed that the fla_ deflected the rays in such a way that

a caustic curve of high light intensity was formed. The distance of the caustic (rep-

resented by the sharp demarcation between black and white at the inner edge of the
shadow in fig. IV-2(c)) from the flsm_e axis decreased with increasing distance of the

shadowgraph object plane from the flame in a manner similar to that observed experi-

mentally; whereas, the outer edge of the shadow corresponded closely to the position
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of the discontinuity in refractive index represented by the flame cone. Hence, flame

velocities based on the inner edge of the shadow are erroneously high, but the error

decreases as the distance between the flame and the shadow object plane decreases

and approaches zero at zero distance.

Reference 14 states that the schlieren image of a flame is exactly coincident

with the outer edge of the shadow cone obtained with parallel light_ therefore, the

two methods should give the same values for flame velocity. However, the outer edge

of the shadow is not clearly defined, whereas the inner edge is very sharply defined.

The desirability of using tP_s sharply defined surface has led some investigators to

take shadowgraphs at several distances from the flame and extrapolate back to zero

distance (refs. 14 and 15), while others have computed correction factors for fixed

positions (refs. 14 and 16).

In s_, it may be said that the schlieren image represents a surface near

the start of the preheat zone, whereas the luminous zone represents a region in the

reaction zone at temperatures Just below the flame temperature.

FLAME VELOCITY

Methods of Measuring

Stationar_flame or burner. - The first attempt to measure flame velocity was

made by Bunsen (see ref. 17, p. 66), who determined the flow velocity through a burn-

er at which the flame would Just flash back, so that the flame velocity was equal to

the flow velocity. This method is accurate only for the case of a flat flame, which

in turn is obtained only when the stream velocity is constant over the burner-mouth

cross section. Flat-flame burners have been developed (refs. 18 and 19) but can be

used only for flame velocities less than 15 or 20 centimeters per second. There-

fore, these burners are of little interest for most flame velocity studies, although

the flat flame is ideal for studying flame structure, and the method may be useful

in defining lean flammability limits.

The majority of the burner methods employ the inner flame cone (fig. IV-2) ob-

tained above vertical tubes or convergent nozzles, which give a more nearly conical

inner cone and give the same results as cylindrical tubes when comparable methods of

measurement are used (refs. 4 and lO). Tubes employed in such studies are of the

order of 1 centimeter in diameter and are more than 40 diameters in length to ensure

laminar flow. It is generally found that the mean approach-stream velocity does not

affect the results as long as the flow is lamlnar and that burner diameter has no

effect until the quenching diameter is approached (e.g., refs. 8, p. 459, and 16 and

20; for contrary results, see ref. 21).

The methods of measurement of burner flames are variations or modifications of

either the total-area method (ref. 22) or the angle method (ref. 23). In the former,

an average flame velocity for the entire cone is obtained by dividing the volumetric

flow rate of the unburned gas by the surface area of the cone:

v (i)
sF

where

A t cross-sectional area of tube, cm 2

surface area of flame cone, cm 2
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UF

Uo, ii1

V

flame velocity, cm/sec

space mean velocity of approach flow in tube, cm/sec

volumetric flow rate of unburned gas, cmS/sec

The area SF is usually computed by assuming the flame cone to be a right cone. In

the early studies, SF was often computed from the height of the luminous cone h

and the radius of either the burner tube or the actual flame base rt by the equation

One simple method of computing _ avoids the necessity of choosing between the burn-

er diameter and the actual flame diameter, which varies with both method of photog-

raphy and approach-flow conditions (ref. 24):

_AFZ
= -r- (_)

where

AF area of projected image of flame measured by planlmeter, cm 2

length of curve that generates SF when rotated about tube axis (corresponds

to slant height of right cone), cm

When the assumption of a right conical shape becomes poor, graphical methods may be

used (e.g., ref. 25).

In the angle method, a local flame velocity is computed from the local approach

velocity Uo and the angle G between the direction of the approach flow and the

burning surface:

UF : U 0 sin _ (5)

The approach velocity U o is usually computed for a given position along the flame

by assuming that the approach-velocity distribution follows the Poiseuille equation

(ref.8, p. 24s)

2V(r[ - r2) ZUo,m(r [ - r 2)
Uo =

_r t r_ (4)

where

r radial distance from tube axis to flame surface, cm

rt tube radius, cm

In some instances where convergent nozzles have been used, apparent flame velocities

have been computed on the assumption that the approach velocity U o was constant over
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the entire coneandequal to Uo,m (e.g., ref. 24). Suchanassumptioncould result
in significant errors, since local velocities over the central portion of a nozzle
maybe as muchas 20percenthigher than Uo,m becauseof the boundary-layereffect
(ref. 16).

The chief advantage of burner methods is that the equipment is simple, flexible,

relatively inexpensive, and is easily adapted for measurements at varying temperatures

and pressures and with imposed flow disturbances (ref. 26). Burner methods have also

been adapted for convenient use with normally liquid fuels (ref. 27). Furthermore,

there are obvious advantages in having a readily observed stationary flame. One

disadvantage of burner methods is that diffusional interchange with the surrounding

atmosphere alters the fuel-oxldant ratio, so that the flame velocity observed may not

represent the measured fuel-alr ratio. Diffusion may also lead to instability, evi-
denced by a fluted or polyhedral flame (refs. 28 and 29). This instability might be

remedied in some cases by using a split-flame (Smithells separator) burner, which

allows the gases of the outer mantle to burn on an outer concentric tube (ref. 50);

however, such a modification complicates the photography. Other problems result

from the complex flame shape, which directly complicates the area method and in-

directly affects the angle method.

The main objections to the area method are as follows:

(i) The flame velocity near the base of the cone is reduced by the quenching

action of the burner rim, and the flame velocity in the region of the tip is In-

creased by accelerated heat and actlve-particle transfer that results from the small

radius of curvature. Hence, the average flame velocity may not be equal to the

flame velocity for a plane flame.

(2) Some small amount of gas may escape through the dead space (fig. IV-2(a))

between the flame base and the burner rim, tending to make the measured UF too

large.

(5) The method makes the choice of the proper surface (inside visible, outside

shadow, or schlieren) to be used for computation very important, particularly for
small flames.

The errors due to (i) are minimized if the method is restricted to gas mixtures

and flow rates that yield nearly conical flame shapes and to burner tube diameters

above approximately 1 centimeter (refs. l0 and 20). The error due to (2) is probably

small, as evidenced by the lack of a discernible separation between flame base and

burner rim in most schlleren photographs. These errors may be reduced somewhat but

not eliminated by using only a frustum area from the middle portion of the cone (ref.

8, p. 464). The volumetric flow passing through this portion of the flame is com-

puted by assuming Poiseuille flow (eq. (4)) up to the chosen flame surface. The

flame velocity is therefore computed by:

2 2 '

Ii- r2 - rl _
2Uo,m(r 2 - rl) 2rt-_/

UF = s (s)

where

rl,r 2 radii of upper and lower bases of frustum, cm

slant height of frustum, cm
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The frustum-area method stlll requires the choice of the proper surface in order

%o eliminate flow-line bending due to temperature rise. In addition, since only a

part of the cone is considered, it may be even more important to consider the re-

distribution of unburned gas flow due to the pressure field set up by the flame (refs.

8, p. 257, and 51 and 32). The volumetric flow computed by equation (4) does not

correspond to the surface computed. Even disallowing the differences of (I) and (2),

the result is different from that obtained if the total area is used. Further re-

finement may be made by using a rectangular burner in which the larger dimension is

at least three times the smaller dimension, thus reducing the effect of flame curva-

ture when the flame is viewed parallel to the larger dimension (ref. 33).

In the angle method, the bendings of the flow lines due to (i) the temperature

rise and (2) the pressure field are again the main problems, whether the more common

cylindrical tubes or rectangular tubes are used. The temperature-rise problem is

again solved by choosing the proper surface corresponding to a low temperature. The

pressure-field problem might be solved by using the particle-track method. The latter

method is a good solution, provided that the approach-flow conditions are measured

far enough upstream to avoid pressure-field effects and are then properly related to

a point on the flame surface. Inertia effects connected with the particles must also

be taken into account. Investigators who have used the particle-track method ap-

parently did not take full advantage of its possibilities with respect to the

pressure-field effects. Although reference 8 (pp. 254-257) presents photographs

showing the bending of flow lines due to the pressure effect, dr and U_, m were prob-

ably not measured far enough upstream when flame velocities were computed from the

equation

U F = U' drm_ (6)

where

dZ length of flame boundary between flow lines, cm

dr distance between flow lines at a point far enough upstream to avoid distortion

due to pressure, cm

U_ mean velocity for stream tube bounded by the two flow lines considered, computed

for Poiseuille flow at plane where dr is measured, cm/sec

In reference 4, the angle between the direction of the particle track ahead of the

preheat zone and the surface of the luminous zone was determined at the ImSint where

the track intersects the luminous zone, but measurements probably were not made far

enough upstream to determine the direction of the particle track.

A stationary flame method that is of interest by analogy to flames supported on

a flame holder is the inverted flame or V-flame method (ref. 8, p. 268 and refs. 34

to 36). In this method, the flame burns above the end of an axially mounted wire

in the form of an inverted cone or above a horizontal wire or rod over the tube port

in the form of a two-dimensional V. An apparent flame velocity may be determined by

measuring the flame angle near the flame holder and relating it to a local velocity

within the tube at that distance from the axis (ref. 35 used eqs. (3) and (4)). The

velocities obtained in such a manner are far from true flame velocities, because the

flame thrust causes a strong outward deflection of the flow lines in the unconfined

unburned gas approaching the flame. Better values for flame velocity could be deter-

mined from inverted-cone or V-flames by the particle-track methods described

previously.
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Gross (ref. 36) used the V-flame in connection with a stationary flame method

that employs an entirely different approach. Flame pressures were measured by trav-

erses of the flame front of a V-flame with a total-pressure tube connected to a

micromanometer. Flame temperatures were measured with a platinum and platinum - lO-

percent-rhodium thermocouple. Flame velocities were then computed by combining the

equation for conservation of momentum across a plane, steady-state combustion wave

.2/0o (v)

and the total pressure for incompressible, inviscid flow

Pt = p + I_2-I (8)

to obtain the equation for flame velocity

where

PF Do _

UF - po - pF_o [-I_ - ll(Ptot,o - Pol - _IPtot, F Ptot3o_ 1 (9)

P

Ptot

p

static pressure, dynes/cm 2

total (stagnation) pressure, dynes/cm 2

density, g/cm 3

The disadvantages of the method arise from the effects of the total-pressure tube on

the flow and the flame, the corrections that must be applied to total-pressure meas-

urements at low velocities, and the difficulties in calibrating, operating, and
maintaining an ultrasensitive pressure meter.

Others (refs. 8 and 37) have computed flame velocities from equation 17) by

assuming _F to be equal to the ambient pressure in the room. Vasilesco (ref. 37)

points out, however_ that PF is in reality smaller than Pam and that corrections

must be added to the measured value of Po " Pam (the correction may be several times

the magnitude of the measured Po - Pam )" Thus, agreement between values computed

from equation (2a) and from equation (7) for PF = Pam that _ere reported by yon

Elbe and Mentser for acetylene flames (ref. 8, p. 266) may be a fortuitous result of
the choice of the method of equation (2a) for the calculation of flame velocities.

All things considered, the total-areamethodwith schlierenphotography is the
most easily executed and reproduced burner method and is probably as accurate as the
more complicated methods.

Transparent tube. - If a horizontal, transparent tube having an inside diameter
greater than the quenching diameter and a length of the order of i meter is filled

with a homogemeous combustible gas mixture, which is then ignited (preferably by

another small flame) at one end of the tube, a flame will travel through the tube.

By placing suitable orifices at both ends of the tube to reduce reflected pressure
waves, a uniform linear flame movement over a good portion of the tube and a flame
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of constantshapefor that portion maybe obtained(ref. 38). Thelinear velocity
of uniformmovementis determinedeither by timing the passageof the flamebetween
twodetectorssuchas photocells or ionization gapsor by photographingit with a

rotating drum or movie camera. The flame velocity is calculated by a total-area
method from the equation

UF = (Uz - Ug) At/S F (i0)

where

U velocity of unburned gas ahead of flame (determined by allowing gas pushed out

g of tube to blow a soap bubble, ref. 38), cm/sec

U Z linear velocity of uniform flame movement, cm/sec

The setup required for the tube method is simple and inexpensive, with the possi-
ble exception of the timing devices_ the method requires very small quantities of fuel
compared with burner methods. The method is inferior to the burner method for ab-

solute flame velocities because of the greater difficulty in determining _ from the

more complex flame shapes, which, partly because of the necessity of using direct
photography, are rather arbitrarily defined. Wall effects are also unknown or diffi-

cult to ascertain. Since the measurements are made in a quiescent mixture in a

transparent tube, the method is less readily adapted for measurements at pressures
or temperatures other than room conditions than is the burner method.

The tube method shares with the bomb and soap-bubble methods the advantage that

the flame is not exposed to an external atmosphere, and as a result determinations

may be made over a slightly wider range of compositions (ref. 39). It is believed

that relative flame velocities or trends indicated by the method are as good as those

obtained by other methods when a consistent and reasonable means of determining SF

is used by a single investigator (provided that w_ll effects, particularly chemical

effects, may be neglected). To this end, a simplified equation for determining

for the flames, which usually take the shape of semlellipsolds, was presented in ref-
erence 40:

2_(rcirrln s + rlnsr t + rclrr t)
SF= 3 (11)

whe re

rci r radius of circumscribed circle about projected flame image, cm

rin s radius of inscribed circle, cm

Soap-bubble or constant-_ressure bomb. - In the soap-bubble method (refs. 41 to

43), a homogeneous combustible mixture is used to blow a soap bubble around a pair

of spark electrodes. The mixture is spark-ignited, and the growth of both the sphere
of flame and the soap bubble is recorded by a rotating drum or movie camera. The
flame velocity is calculated from

U_ U_r_o

uF
rfin

(12)
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where

rfi n final radius of sphereof burnedgas, cm

ro initial radius of soapbubble, cm

expansionratio of gasmixture

Themethodis simplein principle andoffers (ideally, at least) the desirable
feature of a spherical flameshape. Sincethe final flamediameteris rather large
(lO to 20cm), the type of photographyusedto define the flamesurfaceis less im-
portant thanwith burneror tubemethods. Onthe other hand,the experimentaldiffi-
culty in determining rfi n is considerablebecauseof afterburning andthe possi-
bility of nonsphericalflamegrowthdueto (1) gravity effects whenslow-burning
mixturessuchas paraffin hydrocarbon- air are usedor (2) nonisotropicpropagation
(wrinkled surface)whenvery fast-burnlng mixturessuchas hydrocarbon-oxygenare
used(ref. 43). Thespark-ignitlon systemshouldbe investigated to avoideffects
of spatial velocity (ref. 43). Watersoapbubblescannotbe usedwherewaterhasan
appreciableeffect on the flamevelocity; in this casespecial glycerin solutions may
be usedfor the bubble(refs. 42 and43). In either case, diffusion throughthe con-
fining film andthe effects of the componentsof the film on the burningprocessmust
be considered. A recent improvementof the methodis the useof an inert atmosphere
aroundthe bubbleto eliminate afterburnlng (ref. 42). Themethodmaybe usedat
various pressuresby placing the soap-bubbleequipmentwithin a large pressure-
controlled chamber.

Constant-volume bomb. - In the constant-volume bomb method (refs. 8, 44, and 45),

the combustible mixture is ignited in the center of a rigid spherical vessel of the

order of 50 centimeters in diameter. Photographs of the growing sphere of flame and

one or more continuous pressure records are obtained simultaneously. As the flame

progresses, the expansion of the burned gas causes both the pressure and temperature
of the unburned gas to increase because of adiabatic compression. The temperature

increase causes the flame velocity to increase continuously from the center toward

the walls.

The flame velocity may be calculated by two methods. In the first, for any

instantaneous flame diameter observed from the photographs, the volume occupied by

the burned gas before combustion is calculated with the aid of the pressure record.

The equation for UF derived from the differential equation for adiabatic compression

is (ref. 44)

i 5 3_drF
rb - rF (13)

uF = _ _ _- -_
3PIT F

p static pressure at time t, dynes/cm 2

rb bomb radius, cm

rF flame radius at time t from photograph, cm

ratio of specific heats in unburned gas at instantaneous conditions T and p
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In tbls method, two differential quotients are required, and UF is obtained as a

difference of quantities of comparable magnitude_ so that errors in these differential

quotients and other data are magnified. A I0 to 15 percent scatter in data may result

(ref. 8, p. 476).

The second method uses only the pressure record, from which rF is calculated

and may be compared with the observed r F as a check:

1

Clro {ro _2 / Po_ T

uF:
(14)

whe re

1/3

'P - Po)r°=rb(Pe 70
(15)

and

whe re

I l 113

rF = rb ll -{P°IY_Pe -_o_;\ P/ \Pe (15a)

Pe final equilibrium pressure after gas has burned, dynes/cm 2

Po initial static pressure before ignition, dynes/cm 2

Lewis and yon Elbe (ref. 8, p. 499) present an example of a C0-O2-H20 flame for

which the calculated rF is consistently about 1 percent higher than that observed.

They state that even this small difference is partls/_ly due to the error in observed

rF, which results from the use of direct photography to locate the flame front.

The experimental advantages of the bomb method are that it allows good control

over the initial temperature, pressure, and humidity of the unburned gas and it re-

quires only small amounts of gases. Its disadvantages are that the apparatus is com-

plex, the calculations are lengthy and are dependent on very rapid, accurate pressure

measurements, and the flame velocity varies continuously during a run. The spark gap

width and energy must be properly matched to obtain spherical flames (ref. 45). While

the pressure-record method largely eliminates errors due to convection currents for

slow-moving flames, there is still difficulty with nonlsotropic propagation with very

fast flames or in mixtures that show diffusion instability (tendency of flame front

to break into cells because of concentration gradients set up by preferential dif-

fusion of the lighter components of the mixture).

The bomb method, using only the pressure record, may prove to be the most ac-

curate method for determining flame velocities; as such it could be used to establish

absolute values of flame velocities, which could in turn be used to appraise the

accuracy of simpler burner methods.
I
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Evaluation of methods. - Since there are large differences in flame velocities

reported by various investigators for the same fuel-oxidant mixture at the same condi-

tions (table IV-I), the engineer who wishes to compare data from various sources must

use caution. For a given experimental method, particularly the various burner methods,

measurements that are made from schlieren photographs are probably nearer the true

flame velocity than measu/-ements based on direct or shadow photographs. Of the methods

for measuring flame velocity, the coustsat-vol_me bomb method (using the pressure

record on/y) m_y prove to be most precise (-i percent). In general, Bunsen burner

methods are the si_lest, cheapest, most versatile, sad most productive. Of the vari-

ous burner methods, the totsl-sa_a method is probably the simplest, has a precision

at least as good as the other methods, sad has an accuracy comparable with most of

them. The tube, soap-bubble, and bomb methods sate partlcularly good under conditions

where their disadvsmta4_eous characteristics are unimportant for very small quantities

of gases. Unless otherwise stated, a precision of _5 percent is about the average to

be expected when a single method is used by a single investigator; this fact should

be kept in mind when considering relative changes in flame velocities or comparisons

for various fuels such as those given in the al_pendix.

Effects of Chemical Variables

In the present survey, flame velocities are reported as relative values referred
to some standard fuel-oxidant mixture or condition. This is done in the belief that

in many cases one investigator using a given experimental technique m_y correctly

determine the trend or relative chan_ in flame velocity as one particular variable

is changed, even though some characteristic of his technique makes the absolute values

questionable. Except when otherwise noted, a reference flame velocity of 100 is

assigned the fuel-air mixture that has the composition for maximum flame velocity,
an initial temperature of 2.5° C, and an initial pressure of 1 atmosphere.

Fuel-oxidant ratio. - As the fuel-oxidant ratio is increased, flsme velocity

passes through a maximum at an equivalence ratio @ (fuel-oxidant ratio divided by

stoichlometric fuel-oxidant ratio) between 1.0 sad 1.3, as shown by figures IV-3 to

-5 and the appendix. The curve of flame velocity against equivalence ratio is more

or less symmetrical about this maxlmtnn, for which the equivalence ratio will be

called @max" This @max is somewhat a function of the method of measurementj the

_x determined by the tube method is usually larger than that determined by the

burner method (e.g., compare data from refs. 48 sad 47). The value of @max tends

to shift from slightly rich back toward stoichiometric as either the initial mixture

temperature or the percentage of oxygen in the oxidant is increased (or diluent de-

creased) as shown by figures IV-4 (ref. 16) and IV-5 (ref. 48).

The flame velocity near the lean flammability limit (@ - O.S to 0.6) is of the

order of 1/4 to 1/3 the maximum (refs. 18 and 39). Flame velocity determinations

with hydrocarbons are limited on the rich side because the flame shapes become ir-

regular or unusual with either open or confined flames (e.g., refs. 29 and 39; flame

instabilities are discussed further in ch. VI).

It may be noted in figure IV-3 that the fractional change in flame velocity

with equivalence ratio is the same for three fuels for equivalence ratios smaller

than @msx" If a logarithmic scale were used for @, it would be seen that a linear

relation between UF and log @ exists for _ < l:

UF/UF, = 2 6 log, + 094 (lS)
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An interezting variation of the preceding relation is the plot of the logarithm

of the to_al bond dissociation energy of the fuel per unit volume of mixture against

flame velocity illustrated by figure IV-6 (ref. 49). It may be seen that the correla-

tions are linear for lean mixtures and that the lines extrapolate to the lean limit

of flame propagation (zero flame velocity) in a 1-inch flame tube. The advantage in

using the total bond dissociation energy rather than simply @ is that the maximum

flame velocities of all three fuels may be estimated by extrapolating the linear

portions of their curves to a common value of the total bond dissociation energy,

1.75 kilocalories per liter. However, both the slopes of the lines and the energy

for UF,ma x depend somewhat on the method of measurement of UF; the data presented

were obtained by the tube method.

A correlation was also observed between the equivalence ratio for maximum flame

velocity and the total bond dissociation energy of the fuel. Table IV-II (ref. 49)

shows that, for the C 4 and C 6 hydrocarbons tested, the total bond dissociation

energy per unit volume of the hydrocarbon-air.mixture corresponding to the mixture

giving the maximum flame velocity (tube method) is nearly constant, with an average

deviation of only 0.9 percent from the average value. This deviation is less than

1/3 of that obtained by simply assuming that the maximum will occur at an average

equivalence ratio of 1.15. It may be noted that the average total bond dissociation

energy of 1.96 (kcal/llter) for @max is different from the 1.75 that gave maximum

flame velocities from the linear extrapolation in figure IV-6, because the data in

that figure began to deviate from the straight line before @ was reached.
max

An avenue of experimental study that may clarify the reaction kinetics of flames

is the determination of flame velocities for fuel-oxygen-nitrogen systems in which

the concentrations are varied in such a way that constant flame temperatures are

maintained. If the effective mean reactlon-zone temperature T is also constant
m

and the reaction mechanism does not change with composition, the true effects of fuel

and oxygen concentrations on flame velocity and hence on the over-all reaction rate

might be expressed by

where

a,b empirical exponents expressing reaction order of fuel and oxygen, respectively

Xf mole fraction of fuel in unburned gas

X02 mole fraction of oxygen in unburned gas

The exponent a is determined by studying mixtures for which @El, and the expo-

_ is practically con-nent b is determined when @ < 1. In the former case, X02

stant9 whereas, in the latter case, Xf is practically constant.

In reference 50, flame velocities were determined at constant calculated adia-

batic flame temperatures for hydrogen- 3 carbon monoxide-, and methane-oxygen-nitrogen

systems. The empirical equation for H2-O2-N 2 for Xoz/X f between 0.8 and 8 at

2000 ° K is
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UF = 7650 _ _2 + 54
(18)

This equation has the form of equation (17) except for the constant 54.

of a different form was reported for methane-oxygen-nitrogen for Xo2/X f

0.3 and 0.7 at 2000 ° K:

An equation
between

UF = 13.5 in + 14.9

No empirical equations were reported for H2-O2-N 2 at 2_50 ° K or for

2000 ° K.

(19)

CO-02-N 2 at

Zeldovlch (ref. 51) reports experiments with lean CO-02-N2mixtures in which

the carbon monoxide concentration was held constant and the 02-N 2 ratio was varied

so that the flame temperatures were essentially constant. The flame velocity, and

hence the reaction rate, was found to vary by less than a factor of 1.5 when X02

was varied from 0.20 to 0.72. Similar experiments with lean mixtures show that flame

velocity is proportional to the square root of the carbon monoxide concentration in

the reaction zone.

In sLmmmmy, the flame velocity passes through a msxlmum UF,ma x at a fuel-

oxidant ratio slightly richer than stolchlometric. For lean hydrocarbon-air mixtures,
flame velocity and equivalence ratio may be related by an equation such as

%
UF, _ax

= 2.6 log @ + 0.94 (16)

The logarithm of the total bond dissociation energy of the fuel per unit volume of

mixture was found to correlate both the flame velocities of lean mixtures of a given

fuel with air and the equivalence ratios for maximum flame velocities of various

fuels. Studies of the effects of fuel and oxygen concentration on flame velocity at

constant flame temperature may be of importance in understanding flame reaction ki-

netics9 to date, very little work has been done on this particular phase.

Molecular structure of hydrocarbon. - In references 38, 40, 46, and 52, a sys-

tematic study w_s made of the effect of molecular structure on maximum flame velocity

using the improved tube method (eq. (10)) except for the higher-molecular-welght,

normally liquid fuels, for whlcn a schlieren image total-area (eq. (2b)) burner

method was used. Figure IV-7 shows the effect of the number of carbon atoms in the

straight chain for alkanes, alkenes, alkynes, alkadlenes and allenes. The effect of

methyl substitution on alkane, alkene, alkyne, and _ene molecules having four

carbon atoms in the straight chain is shown in figure IV-8. In general, increased

chain length or methyl substitution decreases flame velocity, except for the alkanes,

which are not appreciably affected by either. These two figures also emphasize the

effect of unsaturatlon: The flame velocity increases in the order alkanes <s/_kenes <

alkadienes (for which isolated m conjugated < cumulated double bonds) < alkynes.

The effects of cycloalkane ring size and of side-chaln-substituent size in a

given cycloa]_ane are shown in figure IV-9, and the effects of alkyl substitution
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in a benzene ring are shown by data in the appendix. The fact that the three- and

four-membered cycloalkanes have flame velocities greater than the corresponding

alkanes, whereas the five- and slx-membered rings have flame velocities near the

corresponding alkanes, is in keeping with the general chemical behavior associated

with ring compounds. Small, saturated rings generally exhibit some double-bond char-

acter, but large ones do not. Cyclopropane had a flame velocity 15 percent higher

than its isomer, propane; and splropentane (two three-membered rings Joined together

by one C-C bond) had a flame velocity (see appendix) 13 percent higher than the

fastest isomeric pentadiene flamej this indicates that three-membered rings are some-

what more effective than double bonds. The addition of alkyl groups to aromatic rings

showed no definite trend, sometimes reducing flame velocity, sometimes not affecting

it.

Some effects of type of oxygen linkage in oxygen-containing compounds are also

suggested, but not well established, by data in the appendix. It appears that flame

velocity increases with the type of linkage in the order esters < ethers < alcohols <

aldehydes and ketones < alkyl oxides. This suggested order is based primarily on

data from reference 52, with the position of alcohols and esters suggested by the

data of reference 47. Other measurements from reference 47 are in conflict with the

suggested order. The measurements were based on the inner edge of the shadow cast by

the Bunsen cone, using only the upper part of the cone. In general, the agreement

between relative values given by references 40 and 47 is good, as shown by figure

IV-10. The maximum flame velocities determined for fuels other than those of ref-

erences 58, 40, 46, and 52 have been put on a relative basis and are included in the

appendix.

In reference 53, an empirical correlation is obtained in which the maximum flame

velocity of a hydrocarbon burning with air is calculated from the sum of the contri-

butions of the various H-C bonds in the fuel molecule according to

UF = NAKA + NBK B + NcK c + . . . (20)

where NA, NB, NC, ND, NE, NF, NG, and N H are the numbers of methane, primary, sec-

ondary, tertiary, alkene, alkyne, cyclohexyl, and aromatic C-H bonds, respectively,

per unit volume of hydrocarbon-air mixtures; and KA, _, KC, . . are the flame

velocity coefficients of these bonds. For the special cases of C-H bonds on carbon

atoms placed alpha to (next to) the s//gyne C_C bond, a factor equal to 0.96 was

introduced into terms representing these alpha bonds. Flame velocity coefficients

established from 34 hydrocarbons gave an average deviation in predicted flame veloc-

ity of 1.9 percent. In the evaluation of these coefficients, ethene was excluded,

since its coefficient deviated by more than 5 times the average. These coefficients,

based on an experimental reference flame velocity of I00 for propane, are given in

table IV-III. Inasmuch as the coefficients are averaged for 34 hydrocarbons, the

computed value for propane is 97.7 compared with the experimental reference velocity

of lO0.

The general effects of molecular structure may be summarized as follows: In-

creased straight-chain length, chain branching, side-chain substitution, or ring

size of cycloalkanes (except for cyclopropane-eyclobutane reversal) tends to decrease

flame velocity; whereas unsaturation tends to increase flame velocity; all these

effects become smaller as the size of the molecule is increased. The flame veloc-

ities of oxygen-containing compounds are believed to follow the order esters < ethers <

alcohols < aldehydes and ketones <slkyl oxides.

Additives_ antiknocks_ and fuel blending. - Reference 54 reports the effects on

flame velocity of small additions (<5 percent) of other fuels to rich city gas -

air mixtures. The compounds studied as additives (acetone, acetaldehyde, benzalde-

hyde, diethyl ether, benzene, and carbo_ disulfide) were chosen from those which
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displayed oxidation phenomena in low-temperature oxidation and hence were expected

to decrease the induction period and increase flame velocity. Despite apparent dif-

ferences in oxidation properties, all compounds changed the flame velocity (luminous-
cone total-area method, using skirted burner) in exactly the same way that dilution

with excess fuel wouldj on the basis of oxygen requirement. There was no phenomenon

equivalent to the effect of aldehyde on reaction rate in the low-temperature oxida-
tion of hydrocarbons.

In propane-alr-additive (isooctane, benzene, acetone, methylethyl ketone, carbon

monoxide, acetaldehyde_ diethyl ether, oxygen, hydrogen, and nitrogen) mixtures,

however, reference 55 states that the small but distinct changes in flame velocity

were not strictly additive. Additive concentrations amounting to 5 to 30 percent of

the total fuel were used_ in many cases, the flame velocity of the binary mixture was

greater than that of either component. The reference also states that the change in

theoretical flame temperature does not sufficiently explain the results, but that a

near-llnear correlation with (6.$X H + XOH + XO) F was obtained.

Studies with moist carbon monoxide (ref. 8, p. 463, and ref. 17, p. 121) show
that its flame velocity is raised appreciably by the addition of small amounts of

hydrogen or hydrogen-contalning fuels (or water vapor, see later discussion). For

example, the replacement of l.S percent of the carbon monoxide by hydrogen raised

the flame velocity of a moist carbon monoxide - air flame by 40 percent or a moist

carbon monoxide - oxygen flame by 45 percent} in both cases, this increase was con-

siderably greater than that expected by a simple mixing rule. Even fuels with flame

velocities smaller than the moist carbon monoxide caused a marked increase; for

example, i percent of hexane increased the flame velocity 29.5 percent. On the other

hand, carbon disulfide, which contains no hydrogen 3 had the opposite effect.

It might be expected that con_on antiknock additives would especially decrease

flame velocity, but such is not the case in constant-pressure combustion. Tetraethyl

lead had no effect on the flame velocities (measured approximately by a ballistic

impulse meter) of isooctane-air mixtures at temperatures up to SO0 ° C, or on n-butane

up to 300 ° C (ref. 56). Above 300 ° C, the flame velocity of n-butane was markedly

diminished by preflame oxidation, which in turn was suppressed by the addition of

tetraethyl lead. The conclusion was that the antiknock effect of tetraethyl lead

must not be ascribed to a decreased flame velocity. However, in an internal combus-

tion engine it is believed (ref. 57) that, toward the end of the piston travel when

the pressure is rising rapidly, the inhibiting effect of tetraethyl lead is very
great. The addition of 0.36 percent tetraethyl lead or 5 percent ethyl nitrate had

no" effect on the flame velocities (cone height, burner method) of 20 fuels of various

types at room temperature (ref. 58). Likewise, iron pentacarbonyl did not appreciably

decrease the flame velocities of ether - carbon monoxide flames (ref. 17, p. 122).

When two fuels A and B are blended in various proportions 3 the maximum flame

velocity of the blend is generally greater than that which would be computed from the

maximum flame velocities of the individual fuels by a simple mixing rule:

UF,blen d = XAUF, A + XBUF, B (21)

where XA and XB are the mole fractions of A and B in the fuel blend. Refer-

ence 59 found that flame velocities of various binary mixtures of any two of the fuels

methane, ethene 3 acetylene, carbon monoxide, and hydrogen were greater than those

obtained by the simple mixing rule. As an example, figure IV-If for hydrogen plus

carbon monoxide is presented. In reference 603 a similar result was found for pro-
pane plus carbon monoxide 3 the maximum flame velocity occurred with a fuel mixture

of 96 percent dry carbon monoxide and 4 percent propane C35 percent total fuel mixed

with air) and was 63 percent greater than the value obtained from equation (21).
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For the correlation of flame velocities of mixed fuels, reference 61 presents

an equation which is simplified in reference 62 to the form

_-' _,0 i (j = 1,2,3, n)
x_

f,j
J

where

Xf,j mole fraction of jth fuel in multifuel mixture with air that has flame veloc-

ity

TX . mole fraction of jth fuel in its binary mixture with sir that has same flame
f_J

velocity _ as multifuel mixture

Thus, for a mixture of two fuels and air, a plot of (Xf,I/X_,I)___ against (Xf,2/X_,2)_

should give a straight line with intercepts (i,0) and (0,i). Reference 62 presents

studies of ternary mixtures of propane, air, and either ethene or hydrogen sulfide.

Equation (22) was found to be valid for propane plus ethene but invalid for propane

plus hydrogen sulfide, as shown by figure IV-12. According to reference 62, the data

represented by figure IV-12 show that hydrogen sulfide is an effective flame velocity

inhibitor} such a statement is misleading I since the addition of similar quantities

of nitrogen to propane-air mixtures causes comparable decreases in flame velocity,

as can be computed from the data of reference 48.

Water vapor: The pronounced promoting effect of water vapor on the flame veloc-

ity of carbon monoxide has been observed by many investigators. For 45 percent

carbon monoxide in air, the flame velocity passes through a maximum after approxi-

mately 5 volume percent water has been added, at which point the flame velocity is

2.1 times the value for 0.7 percent water (ref. 17# p. 121, and ref. 65). Heavy

water (deuterium oxide) increases the flame velocity of carbon monoxide by a smaller

amount than the same percentage of ordinary water (ref. 64). This effect is dis-

cussed later in connection with studies of deuterated acetylene.

With hydrocarbons 2 water vapor has a slight inhibiting effect; for a butane-air

mixture containing 2.8 volume percent water, the flame velocity is approximately 8

to l0 percent lower than that for a similar mixture containing 0.08 percent water

C ef.

Inert diluents: A decrease in the percentage of nitrogen in the primary air

with which a fuel burns causes a marked increase in flame _-elocity for a given

equivalence ratio. For example, the effect of increasing the molar ratio

02/(02 + N2) , hereinafter called #, is shown in figure IV-5 from reference 48. Ref-

erence 66 reports that 3 for flame velocities of propane-, ethene-, and isooetane-

oxygen-nitrogen mixtures measured by a schlieren total-area method I the maximum flame

velocity is a linear function of # for the ranges studied. These data are pre-

sented in figure IV-13. Additional data on maximum flame velocities of fuel-oxygen-

nitrogen systems are reported in references 8 (pp. 460-467), and 43, and are

plotted in figure IV-14 as reSative flame velocityj referred to the value with air

for which _ = 0.213 against #.

Figure IV-14 shows that the relative flame velocity of hydrocarbon-oxygen-

nitrogen mixtures continues to increase markedly as # is increased to 1.0, but that

there is some tendency for the rate of increase to diminish in the region $ = 0.5 to

1.0. The effect appears to decrease as chain length or unsaturation of the hydrocar-

bon increases. The effect of _ on U F is apparently mnch smaller for hydrogen or

carbon monoxide flames. On the assumption that a linear relation between Uv,re I
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and , should be obtained for a limited range of , in the vicinity of 0.21_ which

is the region most likely to be of interest for air-breathing engines that might be

subject to local oxygen enrichment or vitiation 3 empirical equations of the form

U ,re I = - C) (23)

have been computed where possible. These are summarized in table IV-IV, in which
are also included equations of the form

UF,re 1 = B'TbC_ - Cav) (24)

for propane- 3 ethene-_ and isooctane-oxygen-nitrogen mixtures from reference 66.

The effect of changing the diluent from nitrogen to an equal volume of another

inert gas is of interest in that the variations in specific heats (and hence flame
temperatures)# thermal conductivities 3 and diffusion coefficients of the diluents

allow somewhat more critical tests of the various approximate theoretical equations

for flame velocity (table IV-V). Table IV-VI shows maximum flame velocities 3 relative

to an arbitrary value of lO0 with nitrogen as the inert gasj for several fuels burning

with primary air in which the nitrogen has been replaced by an equal volume of argon 3
helium_ or carbon dioxide (refs. 8# 173 and 67 to 72). In all cases the flame veloc-

ity increases as the diluent is changed from carbon dioxide to nitrogen to argon to

helium. As the ratio OJ(O 2 + inert) increases, the effect of changing the diluent

is smaller 3 because the common value of lO0 for 02/(02 + inert) = 1 is approached.

Effects of Physical Variables

Pressure. - From the contradictory data reported in the literature 3 it appears

that the accurate measurement of the pressure dependence of flame velocity is very

difficult and that at present all reported pressure effects must be questioned. Some
recent measurements (table IV-VII_ from ref. 73) indicate that the flame velocities

of stoichiometric methane- 3 propane- 3 and ethene-air mixtures are independent of

pressure_ whether measured by the constant-volume bomb method or the slot-burner

(luminous) method. References 74 and 75 report the flame velocities of acetylene

burning with oxygen 3 oxygen and argon# or air _ressures > lO mm Hg) and of propane
and air _ressure > 20 mm Hg) to be independent of pressure. The flame velocities

were measured by a lumlnous-cone angle method# and the burner diameter _as increased

in proportion to the pressure decrease. Reference 76 confirms the independence of

flame velocity of pressure using the soap-bubble method. It is believed (ref. 76)

that earlier results obtained by a burner methodj which showed a pressure effect,
were probably less reliable.

On the other hand 3 reference 77 reports that# even though the burner diameters

were varied 3 there was a pressure effect such that the flame velocities of propane-

air and ethene-air mixtures were inversely proportional to the logarithm of pressure
in the range 1/3 to 1 atmosphere. The propane-air curves of reference 77 are re-

produced in figure IV-15 and 3 for various tube diametersj approach a common upper
envelope.

Many other investigators also report pressure effects. In general3 the majority

find flame velocity to be inversely proportional to pressure raised to a power be-

t_een O.1 and 0.5. The pressure dependences indicated by some of the more recent

studies (refs. 19 and 73 to 81) are summarized in table IV-VIII. However 3 until the

effect of apparatus on the measurement of the pressure dependence of flame velocity

is more clearly resolved 3 it is assumed that flame velocity is independent of pres-
sure in the range of interest for Jet-engine combustion chambers.
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: ' - [:Li']'d ",mp_r_cur cf the unburned gas mixture i_as an ap-

i: : _ _ -'_me v,doci+y. As _r. _=xample, data for propane-air obtained by
• '_!,_,_<:'<<_!o:_]-_r,:< mct_od _<re presernei in figure IL_-4. The relative effects

-! ]:_i'_] <,_mp,_r_lurc on the maximum flame velocity of methane-, propane-, and

erhen_-air flamos are shown in figure IV-16. References 16, 37, 523 $4, 66, and 82
<o _09 present extensive studies of the temperature effect. A summary of these effects

is given in table IV-IX. The only references that are purposely omitted from table

IV-IX are those covering too small a temperature range to be significant_ investi-
gating nonhyclrocarbon fuels not likely to be of interest, or containing results that

are questionable or contradictory to the more extensive studies. 'Where possible,
an empirical equation of the form

UF,re I = B + CT_ (25)

is given. The relative flame velocities computed from these equations are referred

to an arbitrary value of i00 at 25° C. The flame velocity is a function of To

raised to a power between 1.4 and 2.1_ the exponent varies wlth the temperature range

covered and wlth the fuel. Since propane is a fairly representative paraffin hydro-

carbon, most blends containing a preponderance of paraffin hydrocarbons would be

reasonably well represented by the equation

UF,re I = 25 + 0.00085 T2o (26)

for the temperature range 200 ° to 615 ° K. For the smaller temperature range 290 ° to

420 ° K (or 520 ° to 760 ° R), it might be assumed that UF _ _o "4. Alternatively, the

percentage change of maximum flame velocity could be determined from the propane curve
(fig. _-16).

A method of empirical prediction for ethene, as well as methane and propane,
and hence useful for both paraffinic and olefinlc fuels, is demonstrated in reference

16. A very good linear correlation between computed adiabatic equilibrium hydrogen

atom concentration PH and flame velocity exists for each of the three fuels. These

correlations indicate that, if for any similar fuel, maximum flame velocities are

known for any two initial temperatures, the maximum flame velocity at any other tem-
perature can be computed. The equations for temperatures from 200 ° to 615 ° K for

methane, propane, and ethene, respectively, are

UF,rel = 2"91×I-05 PH - 50 (27)

UF,reI : 2.89×1o5 p_ - 75 (28)

UF,rel : l'5SxlOS PH - 97 (29)

Electric fields. - Laminar flame velocity does not seem to be affected by elec-

tric fields. In reference 90, longitudinal direct- and alternating-current fields
were applied to propane-alr flames. The potential was applied between the burner

rim and a spherical electrode placed in the burned gas near the flame. The direct-

current field (4000 v) caused a 5 percent decrease in the surface area of the luminous

cone. The simple periodic disturbances of the flame surface caused by the

alternating-current field (0 to 6000 v at 400 cps) had no detectable effect on the

total surface area. The surface area, and hence the flame velocity 3 was independent
of the amplitude and phase of the disturbance.
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Reference91presentsmeasuredvelocities of burner flamesof butaneandair in
transverseelectric fields (electrodeson either side of the flame; 0 to 15,000v
potential). Theflameconewasdeflected towardthe negativeelectrode. Local flame
velocities werecomputedfrom the particle-track methodof equation(6): it wasfound
that the flamevelocity increasedon the side of the conenearthe positive electrode
anddecreasedon the negativeside by as muchas 50percentof the original value.
Theaverageflamevelocity (total-area method)wasprobablynot changedappreciably.
Theobservedvariations in local flamevelocity werein the direction to beexpected
if positive ions playedanactive role in flamepropagation.

Acoustical and mechanical disturbances. - The effect of sound on propane-air

burner flames was also studied in reference 90. No change in flame surface area, and

hence no change in flame velocity, was observed. Reference 92 likewise reports no

effect of sound (12.7 kc and known intensity) on the surface area of propane-air

flames. In reference 25, however, flame velocity was increased by 7 or 8 percent,
and sound of medium intensity was most effective.

Reference 93 reports investigation of vibrating flames of methane, city gas,

propane, or ethene that traveled through transparent tubes of various lengths and

diameters against gas velocities slightly smaller than the flame velocities. With

carefully selected compositions and flow rates, flames were obtained that, after

traveling partway down the tube, became saucer-shaped so that they were flat over

the major portion of the cross section. Consideration of (1) the circulation of

unburned gas ahead of the flame indicated by the curling and uncurling of the flame

edges toward the unburned gas, (2) the lack of vibration at the point where coupling

of an oscillatory heat source and a vibrating gas column should have been optimum,
and (3) photographic evidence that waves in the unburned gas receded from the flame

front at an essentially constant rate, led to the conclusion that variations in flame
velocity were small.

Reference 26 states that disadvantages in the methods used in generating elec-

trical and acoustical disturbances in reference 90 were (i) no allowance for a meas-

urement of the initial amplitude of the flow disturbance introduced into the flame,
and (2) complication of acoustical disturbances by resonance effects. A mechanical

disturbance, which could be applied locally to the flame and the amplitude of which

could be measured accurately, was obtained with a wire that touched the flame and

vibrated perpendicular to the flame front surface. The resulting distortion of the

flame surface was similar to that obtained with the alternatlng-current field or the

sound. The surface area of the periodically disturbed flames, and hence the flame
velocity, was unaffected.

THEORIES OF IAMINAR FLAME PROPAGATION

The phenomenon of laminar flame propagation can be described by the use of the
basic equations of fluid dynamics, modified to account for the liberation and con-

duction of heat and for changes in chemical species within the reaction zone. (An

excellent review of the theoretical concepts of laminar flame propagation as of 1951

is given by ref. 8, pp. 337-351) see also ref. 9.) The formulation of the problem

requires equations of continuity for each chemical component, of state, and of con-

servation of energy, momentum, and total mass. In order to solve these equations for

a unique flame velocity (elgen value), the following simplifying assumptions are
made :

(I) The flame is one-dimensional.

(2) The flame is steady with respect to time.
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(3) Velocity gradients may be neglected; hence, viscosity terms in the momentum

and energy equations may be ignored.

(4) Pressure is essentially constant across the flame front, so that the equa-

tion for conservation of momentum may be ignored.

(S) The effect of gravity is negligible.

(6) The loss of energy by radiation is negligible.

In order to solve the mass and energy equations, boundary conditions must be

selected. The hot boundary for the flame reaction zone is assumed to be the condi-

tion of thermodynamic equilibrium at the adiabatic flame temperature T = TF at

x = x_. The selection of a cold boundary with respect to the chemical reaction in-

volved in these equations requires some justification, because the reaction rate

never falls to zero if it follows an Arrhenius type relation

_ e_(-E/RT) (3O)

where

E activation energy, cal/mole

R universal gas constant, 1.987 cal/(°K)(mole)

reactionrate, (moleculesof re_tant)/(om3)(sec)

However, some reasonable approximation for a cold-boundary condition must be found.

The choice of this cold-boundary condition is intimately related to the question of

whether or not a unique flame velocity exists in an essentially adiabatic system.

Consider a tube of infinite extent, adiabatically isolated from the surroundings

and without heat-absorbing walls, filled with combustible mixture as follows:

/////////////////////////////////

gas _ Burned gas

Unburned

¢

A flat flame is shown moving into the unburned gas. Since the pipe is of infinite

length, the unburned gas far from the flame will be changing in composition and tem-

perature because of the finite (albeit extremely slow) rate of exothermlc reaction,

even at T o . Only if the increase in temperature and change in composition exactly

compensate with respect to flame velocity effects would a constant flame velocity be

possible. Zeldovlch (ref. 51) has shown, and it may be seen by comparison of the

effect of initial temperature with the effect of dilution on flame velocity (see

previous data sections), that such compensation does not occur for carbon monoxide

flames. This suggests that in an infinite, adiabatic system a unique flame velocity
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doesnot exist. However,the reactions at T o are very slow, and there is, there-

fore, a very long period of flame travel before a measurable change in flame velocity

would occur. If the equations for flame propagation including a time dependence were

set up and solved for short periods of time, the ignition temperature as a boundary

condition should not be required. If a steady state is assumed, as is usually done,

an ignition temperature is required in the infinite system.

Suppose, however, that there is a mixing chamber a short distance from the flame,

as follows:

Fuel

Mixing _--_I Unburned _ Burnedchamber I gas gas

Air

The problem of slow reaction at an infinite time is thus eliminated, but the presence

of the mixing chamber in the neighborhood of (even several meters from) the flame

means that a small but finite transfer of heat to the mixing chamber and a small

but finite back-dlffusion of products must occur. B/rschfelder (ref. 94), whose

comprehensive equations are presented hereinafter, has Indicated that the temperature

drop to the mixing chamber need only he 10 -6 OK but that the heat transfer is re-

quired to describe a stagily-state flame with a unique flame velocity. This kind of

cold-boundary condition closely approximates the conditions under which experimental

observations are made, and accounts, at least in part, for the apparent existence of

a steady-state flame when theoretically such a flame does not exist.

When the temperature profile for a laminar flame (fig. IV-l) was discussed, it

was pointed out that there is a temperature T 5 at which the chemical reaction be-

comes appreciable to the extent that amass element of gas changes from a heat sink

to a heat source. As will be shown in the following sections, most of the simpli-

fied equations for flame velocity are obtained by assuming the temperature T 5 to be

the cold boundary for the reaction zone. With this assumption, the energy equation

can be integrated for the preheat zone (To to TS) and the reaction zone (T 5 to

TF) and solved for flame velocity by equating the two integrals at the T 3 boundary,

where dT/dx must be the same for both zones.

Comprehensive Equations

The following equations are formulated in reference 95 to describe the steady-

state, one-dimensional flame:

Continuity equations:

For each component:

[ni(U + Ud# )] : I i (i : 1,2,5, . . . J) (51)
d

t Nc J



NACA F_4E54107 IV-27

For the total:

Nc / U = pU = 00_ = G = constant

(52)

Energy equation:

Equation of state :

_o +c
: 0 (33)

n = _n i _: NcP/RT (Z_)

where

G mass-flow rate, g/(cm2)(sec)

enthalpy of i th species, cal/g

I i rate of production by chemical reaction of i th species, g-mole/(cm 3) (sec)

N Avogadro number, 6.025xi023, molecules/g-mole
c

n total concentration, molecules/cm 3

x thermal conductivity, cal/(cm 2) (sac) (°K/ca)

It is assumed that the cold boundary is terminated by a flame holder that has

two properties} it prevents back-dlffusion of product molecules into the gases out-

side the cold boundary of the flame front, and it extracts an amount of heat qo

from the flame:

(aT) (35)qo = - x
o

Since equations (31) to (55) are formulated in terms of individual chemical

species, it is necessary to identify each chemical species occurring during the com-

bustion reaction and to know the enthalpy, molecular weight, and other properties of

the species. It is also necessary to know the specific rates of chemical production

for a sufficient number of species so that the rest may be calculated from the chemi-

cal equations relating the various species. In order to determine these chemical

kinetic factors, the scheme of reaction occurring in the flame and the rate constants

for each independent step in the scheme must be established. But this information is

completely lacking for hydrocarbon-air flamesj indeed_ few homogeneous, low-

temperature chemical reactions have been incontrovertibly established. The compre-

hensive equations of Hirschfelder and Curtiss have been solved by approximate methods

for only a few of the simplest flames - for example, the azomethane (ref. 95) and

ethylene oxide (ref. 7) decomposition flames and the ozone flame (ref. 94).

Although the comprehensive theory of laminar flames is necessary for an under-

standing of flame propagation, it is currently impossible to use it to predict flame
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velocities of hydrocarbons or the effects of changes in experimental variables with-

out making further simplifying assumptions. It is desirable to develop simpler

equations for these p_ses, even if some of the theoretical exactness is lost.
Some of the approximate equations, which usually emphasize only one process of the

total mechanism such as the heat-conduction process or the active-psxticle diffusion

process, have proven quite satisfactory for the prediction of flame velocity.

Approxlmate Equations

Thermal mechanism. - Both the early flame velocity equations of Mallard and

LeChatel{er, Nusselt, Jouguet and Crussard, Danlel_l, and Damk6hler and the equations

more recently reported by Bechert, Bartholo_ and E_ons, H_rr, and Strong are based

on thermal concepts (ref. 9). The original, frequently quoted _/lard-LeChateller

equation w_s obtained simply by equating the sensible heat gain in the preheat zone

to the heat conducted from the reaction zone at the T5 boundary:

- To>= (36)

where it was assumed that

TF - T5 (3v)
5 x_ - x5

hence,

x TF - T5

UF = _pPo(X F . x5 ) T5 - To (38)

whe re

_p mean specific heat from TO to T3, cal/(g)(°K)

Assumption (37) regards the T,x curve as linear in the reaction zone with a slope

equal to that at x5 as determined by approaching x3 through the preheat zone.

It involves the chemical reaction rate only indirectly through the reaction zone

thickness (xF - xs). All authors since Mallard and LeChatelier have included some

consideration of the reaction rate. The early equations included an ignition tem-

perature; however, it is not easy to determine the proper ignition temperature to

use in such equations (see previous discussion of T5 and fig. IV-I).

Zeldovich and Frank-Kamenetsky have derived an equation for flame velocity for

which the beginning basic equations were quite comprehensive. In its final simpli-

fied and approximate form, it includes diffusion of molecules but not free radicals
and atoms. As a result, it emphasizes the thermal mechanism. Semenov (ref. 96) has

presented the derivation of this equation in detail. Because this equation, herein-

after called the Semenov equation, has been widely used in the correlation of ex-

perlmental flame velocities of hydrocarbons, its derivation is discussed briefly.

In the Semenov derivation, an ignition temperature is used only as a mathematical

device for approximate computation. Semenov assumes that this ignition temperature,
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above which nearly all the reaction occurs, is near the flame temperature, because

the chemical reaction rate is an exponential function of the temperature according

to equation (30). By approximations, the ignition temperature is entirely eliminated

from the final equation, thus making the equation more useful than the previous ones.

The following assumptions, in addition to that regarding ignition temperature and

those stated heretofore for the comprehensive theory, are used:

(i) Diffusion is important only as it affects energy balance.

(2) Flame velocity may be described in terms of an over-all chemical reaction;
equations are set up in terms of zero-order, first-order (monomolecular), or second-

order (bimolecular) reactions.

(3) Specific heat c and thermal conductivity x are constant.
P

(4) Thermal diffusivity X/Cpp is equal to molecular diffuslvity D.

(5) Total number of molecules is constant.

The basic equations, which may be compared with the corresponding exact equa-

tions (32) to (54), are as fOllOWS:

Continuity equation:

d2n ' dn'
(32a)

n' = (nr,oP O) (nr/P)

Energy equation:

dT --Q= o (33a)
Cp dx 2 G _ + _ cp

G = pU = PoUF

Equation of state:

p To

Po T
(54a)

where

O diffusion coefficient, cm2/sec

nr concentration of reactant, molecules/cm 3

Q heat of reaction, cal/molecule of reactant

The energy equation consists of three terms, the first representing the heat

gained by a mass element through conduction from a hotter element downstream, the
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secondthe loss of heat throughmasstransfer, andthe third the heatevolvedby the
chemicalreaction. In the preheatzone xO to x3, it is assumedthat no chemical
reaction occurs;andin the reaction zone x3 to XF, it is assumedthat the net
energyloss dueto masstransfer maybeneglectedin comparisonwith the chemical
reaction and heat conduction terms. With these assumptions, the equation is solved

for _ by integrating over the preheat and reaction zones separately and establish-

ing the condition of continuity by equating dT/dx at x = x 3 for the two zones.

The result is

i ...._,T_----I. _ dT (39)
2x

: nr'°_°C-P(TF- T°)_J0

In order to evaluate the reactlon-rate integral in equation (39), an Arrhenlus-

type temperature relation is assumed. It is generally assumed that the over-all re-
action is bimolecular and second-order with respect to fuel and oxygen. Following

the Semenov derivation, the rate integral is evaluated as follows:

/i Jo ;dT= exp(-E/RT)
<A

(40a)

where

nf

n
f,eff

no 2

n02,eff

P

Z

2
RT F

, nf,ef f no2,eff PZ --2--exp('E/_F)
(40b)

fuel concentration, molecules/cm 3

effective mean fuel concentration in reaction zone 3 molecules/cm 3

oxygen concentration, molecules/cm 3

effective mean oxygen concentration in reaction zone, molecules/cm 3

steric factor

collision number; number of molecular colllslons/(cm3)(sec) when the con-

centration is one molecule of each type per cm _

Semenov states that the approximation for the exponential term obtained from equations

(40a) and (40b) is satisfactory for RTF/E _ 0.1.

Approximate solutions must be obtained for the effective concentration terms.

The relation between concentration and temperature is first established for a zero-

order reaction as follows: A new variable, e = Cp(T - To)/Q , is introduced into

the energy equation to give
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x d2e

Cp dx 2

d8
---- _ G _ + _ = o (41)

which is formally identical with the continuity equation (32a), because by assumption

(4), X/Cp = Dp. It can be shown that the boundary conditions of these equations

coincide at x° and xF. If n' = e for the entire interval, a relation between

concentration and temperature is obtained:

CpT + nrQ = CpT o + nr,oQ = CpT F
(42)

Equation (42) means that the sum of chemical and thermal energies is constant through-

out the flame (a condition that holds only where assumption (4) is valid). Following

the approximation technique used by Semenov, this relation is modified for nf,ef f

and n02,eff for the bimolecular reaction as follows:

For rich mixtures, @ > I:

T T
o o

nf,eff = nf,o _f (1- _-_) ' no2,eff = n02,o _ _
(43)

For lean mixtures, @ < l:

]
nf,ef f = nf, o _ 6' no2,eff = n02,o

(44)

where

: E(TF _ To) (45)

and

c,o)
n02,o - @ \no2,O/s t

where

(nf,o/n02,O)st
stoichiometrlc fuel-oxygen ratio

Corrections may now be applied to some of the assumptions as follows: Assump-

tion (5) is corrected by the use of a mean value of X/Cp for the preheat zone, and

it is assumed that physical properties in the reaction zone may be represented by

their values at TF. For the bimolecular reaction, assumptions (4) and (5) are

corrected by inserting the factors (X/CppD)_ and m2# respectively, under the square

root sign; m is the ratio of moles of reactants to moles of products in the stoichl-

ometric reaction. These correction factors and equations (34a), (40b), (4B) or (44)2

and (45) are substituted into the flame velocity equation (39). After collecting

terms, the resulting equation for rich mixtures is:
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Forleanmixtures, theterm[I - (i - 6)I,1is_p_ed by [i- _(l- B)I,a_dfor
stoichiometric mixtures it becomes simply B.

All the factors in equation (47) except P and E can be estimated by extrapo-

lation of thermodynamic tables (refs. 97 and 98) and by use of the following

e quat ions :

op: _ cp,ixi (48)

(c_ s ) _ (49)X= +4-R M

D : 1.336 _ (5o)
P

(51)

where

C i

P
molar heat capacity, call(g-mole)(°K)

viscosity, poises

collision diameter, cm

The values of _ for combustion-product mixtures were determined by the additive

volume rule analogous to equation (47) and were within 1 percent of values calculated

by the method of reference 99.

For lack of better knowledge, low-temperature activation energies reported in

the literature for the appropriate hydrocarbon oxidation may be substituted for E.

For example, the following activation energies (kcal/g-mole) were used for burning-

velocity predictions in references 49 and 16: methane, 51 (ref. lO0)i propane, 38

(ref. 17); and ethene, 40 (ref. I01). In reference 49, the steric factor P was

calculated from each experimental flame velocity. These values of P were then

averaged to give P for the group of data under consideration., The ratio of pre-

dicted to experimental flame velocity w_s calculated as (_/p)i/2 for each point.

Figures IV-iV and -18 illustrate the agreement between experimental flame veloc-

ities _d the relative values obtained by multiplying the experimental values by

--(p/p)i/2. The relative predictions are satisfactory for these three- to sevenfold

increases in flame velocity that result from changes in initial temperature or

02/N 2 ratio. The accuracies of these and other predictions for methane, ethene,

and propane are indicated in table IV-X by the average percent deviation of _/p)i/2/

from unity for each of the data ranges studied.
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Equation (46) may be further simplified for particular purposes by making addi-

tional assumptions. For example, in order to predict the effect of initial mixture

temperature on flame velocity, the nontemperature-dependent terms may be eliminated

to give (ref. 16)

UFC< _ T2TOF4.9 exp(.E/RTF)/(T F _ To)5
(s2)

Here it is assumed that the physical properties of the combustlon-zone mixture have

essentially the same temperature dependences as the same properties have for air}_
these temperature dependences for air are estimated (ref. 102) as follows: x o( TO.84}

cp o( TO'09; nf, o o( D _ T-l; and D _ _/p _ T1"67. The temperature dependence of Z
has been neglected9 Semenov actually did not consider Z, and it does not greatly af-

fect the results of equation (52). Relative flame velocities (ref. 49) predicted by

equation (52) are almost as good as those obtained with the more tedious procedure of

equation (47).

Thus, the Semenov equation, which is based primarily on a thermal mechanism but
is more comprehensive than earlier thermal theory equations 3 gives satisfactory rela-

tive predictions for flame velocities as either the initial temperature or the ratio

02/N 2 is varied over a wide range or equivalence ratio is varied over a narrower
range (table IV-X).

Diffusional mechanism. - Several approximate equations for burulng velocity have

been derived in which the diffusion of atoms and free radicals has been considered

of major importance. These equations are based to some degree on speculation, but

they do follow from considerations of flame structure and the possible influence of
a small concentration of reactlon-chaln initiators on the rate of the chemical re-

action and subsequently on the process of flame propagation.

The reasoning for a diffusional mechanism begins with the assumption that po-

tential oxidation chain carriers such as hydrogen and oxygen atoms and hydroxyl rsA/-

cals are present in the flame front (zone of maximum temperature) in the thermodynamic

equilibrium concentration for the flame temperature (ref. 105). Because some of these

particles, especially hydrogen atoms, diffuse rapidly, it is further assumed that the
concentration of chain carriers in the colder unburned gas ahead of the flame front

is increased by diffusion to a value far greater than the thermodynamic equilibrium

concentration for that region (e.g., table IV-XI 3 from ref. 104). A concentration

profile similar to that shown in figure IV-19 is obtained. Even in the cold gas

these active particles react rapidly, because chemical reactions involving atoms and

free radicals generally have low energies of activation} that is, the reaction rate

is not very dependent on the temperature. Therefore, these active particles could
serve as initiators of the oxidation reaction. Since the concentration of active

particles reaching the unburned gas by diffusion must be related to the maximum con-
centration in the flame front, the conclusion is that flame velocity should be re-

lated to the equilibrium concentrations at the adiabatic flame temperature.

It is difficult to measure the concentration of hydrogen atoms in a flame zone,

but hydroxyl radicals [OH1 may be observed spectroscopically. By use of this method,

it was found in reference 105 that the relative concentration of hydroxyl radicals

remained high in the unburned gas ahead of the visible flame zone (fig. IV-20). Ref-

erence 106 shows that the width of the reaction zone for several hydrocarbon-air and

-oxygen flames as determined from the temperature profiles of the flames is roughly

equal to the limit of diffusion of hydrogen atoms from the flame front into the un-

burned gas. Measurements and calculations such as those of table 1-V-)C[ substantiate

the assumption that the concentrations of active particles that diffuse ahead of the

flame may be large enough to be important.
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Fromstudies of the slowoxidation of hydrocarbons(ref. 8, pp. 94-202), it
seemsprobablethat the chemicalreaction in the flame follows a chain mechanism.

As previously stated, the activation energies of reactions between fuel molecules

and chain carriers are low (usually i0 kcal or less, ref. 107). Hence, the assump-

tion that the introduction of a few chain carriers into relatively cool gas could

initiate the flame reaction may also be valid. The diffusion model of flame propaga-
tion thus qualitatively follows known features of the structure of the flame and the

oxidation reaction. Tanford and Pease (refs. 104, 108, and 109) have derived an ap-
proxi_te equation for flame velocity based on the diffusion model. In addition to

the assumptions listed for the comprehensive theory, the following simplifications
and assumptions were made:

(i) Chain branching does not occur.

(2) The rate-controlllng step (or steps) in the chemical chain reaction is the

reaction of an active particle, such as the hydrogen atom, with a fuel molecule;
for example,

H + CH 4 -* products (53)

(5) The number of active particles is calculated from the linear continuity
equation

/dZni_ /dni\

Dil--j)÷ UFi- /÷ Ii : 0 (s4)

where

Ii rate of production of the active species regardless of reaction order of process,
molecules/(c_ 3) (,ec)

(4) The rate of formation of combustion products per unit area of flame surface

can be written as the integral of a sum of a number of terms, one for each active
particle :

t /xodt - /iki (SS)
v_Xo

where

ki specific rate constant for reaction between ith active species

(5) Through each unit area of flame surface, the unburned gas is converted at

the flame velocity to products of complete combustion, so that another expression
for product formation is:

d(product)
dt = ntot,o_ _ (56)

where

ntot,o

X
P

total number of molecules per cm 5 at initial conditions

mole fraction of potential combustion product in unburned gas
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(6) Thefuel concentrationj combustion-zonetemperature#anddiffusion coeffi-
cient are expressedas constantmeanvalues, nf,m3Tin,and Din,respectively. The

r_tio Tm/T o is called @m' and Tm is arbitrarily assigned the value 0.7 T_,.

Complete details of the derivation are given in reference 109. The continuity

equation (54) is solved for nl, which is then differentiated to give 8ni/_x. By

equating the two simplified expressions for product formation under (4) and (5)

substituting for 3ni/Sx , and making the indicated integration, there is obtained

the square-root law for flame velocity:

Ii \1/2
Intot _mXf2 o kiXi2FDi

UF = _ 82Xp i Bi ,m) (57)

whe re

Bi

Di ,m

dimensionless factor (near unity) that allows for radical recombination

diffusion coefficient for ith species into unburned gas at mean combustion-

zone temperature, cm2/sec

Xf_o

Xi 3F

mole fraction of fuel in unburned gas

calculated mole fraction of ith active species at equilibrium flame tempera-

ture TF

em 0.7T/To

and Pease have substituted Di, 0 for Di,m/em 2, thus assuming that the dlf-Tanford

fusion coefficient is proportional to the square of absolute temperature.

For predicting relative flame velocities of hydrocarbons, equation (57) has been

modified (ref. 49) as follows: The active particles are considered to be H, OH, and

0. It is assumed that D i varies with the 1.67 power of absolute temperature and

that B0 = BOH = i. It is further assumed that the specific rate constants k i of

equation (55) can be replaced by a weighted mean specific rate constant kw repre-

senting all three active particles so that

k IxH,_,° +Xo,_Do,o)em1"67kiXI,FDi,m/Bi ' w_ BH + XOH,FDOH,o
i

(58)

where the recombination factor BH is calculated by (ref. 109)

_4'000(_,ml'6b
=1/2 l+ l+ _ o.SXo,o+37oox_,F

UFSm _j

(59)

The required flame temperature and active-particle concentrations are calculated,

assuming adiabatic thermal equilibrium, by the method of reference llO. Diffusion
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coefficients are computed by the Stefan-Maxwell equation (ref. lll) to be 1.78 for

H, 0.28 for OH, and 0.4 for 0 at 298 ° K. The quantities ntsm, Xf,o, X02,o , and

r_ are calculated from a knowledge of the over-all oxidation process and the initial

fuel and oxygen concentrations.

With these modifications and substitutions# equation (57) has been used in two

ways with comparable success. In the first case, k was treated as a semiempirical
w

constant independent of temperature_ it was calculated for each flame velocity from

equation (57). The average kw for the group of data under consideration was called

, and the ratio of predicted to measured flame velocity was calculated as

(%/kw)I/2. The mean deviation of this factor from unity is given in table IV-X.

In the second method, the Arrhenlus rate expression

kw = PwZw e (60)

_as substituted. The two unknowns P and Ew in this expression were calculated

simultaneously from the flame velocity data in which the initial temperature was

varied. The resulting _ was used for the prediction of burning velocities for

the same hydrocarbon under other experimental conditions. For each set of experi-

mental data a new _w was calculated (table IV-X).

Fairly satisfactory predictions of maximum burning velocity for hydrocarbon-air

mixtures in which the molecular structure (chain length, branching, saturation, etc.)

of the hydrocarbon is varied may be made by either the TaD_ford and Pease equation

(first method, kw independent of temperature, ref. ]_12) using an average empirical

rate constant for all compounds except acetylene and ethene, or by a simplified form

of the Semenov equation using an average steric factor and a constant activation

energy of 40 kilocalories per gram-mole for all compounds except acetylene and ethene

(ref. ll3). Examples of these predictions are shown in the following table:

Hydrocarbon in
air

Methane

Propane
He xane

2-Methylbutaue

2,3-Dimethylbutane

2,2,3-Trlmethylbut ane

Propene
1-Hexene

2-Ethyl-l-butene

Propyne

1-Hexyue

Cyclohexane
Benzene

Burning velocity, cm/sec

Measured

33.8

39.0

38.5

36.6

36.3

35.9

43.8

42.1

39.3

69.9

48.5

38.7

40.7

Calculated by Tanford-

Pease eq. (ref. ll2)

33.9

57.7

37.3

37.1

37.0

36.6

45.3

41.7

40.7

61.3

48.6

37.4

40.4

Calculated by Semenov

eq. (ref. n3)
40.2

39.0

37.2

38.8

39 .i

37.0

48.9

42.0

41.7

64.9

46.0

38.3

44.5



I_ACA EM E54107 IV-57

Miscellaneous approximate equations. - Other equations for burning velocity that
are either based on a diffusional mechanism or include a diffusion concentration have

been derived by Van Tiggelen, Gaydon and Wolfhard, and Manson. Details of these deri-

vations and references to the original papers are given in reference 9. The final

burning velocity equations are stated below:

Van Tiggelen:

where

M molecular weight of active particles

T
m

mean temperature of reaction zone

probability of occurrence of chain-branchlng reaction

_' probability of occurrence of chain-breaking reaction

Gaydon-Wolfhard:

(62)
% - 28%

where

5 reaction-zone thickness, cm

M_nson:

whe re

p pressure, dyue/cm 2

PxHT° C63)uF= %(%-

X H mole fraction of hydrogen atoms in burned gas

The Manson equation is derived from an aerodvvnamlc model of the combustion proc-

ess (eq. (7)) and does not include chemical kinetics. The flame chemistry enters

only through PXH3 which has been substituted for the flame pressure drop. It is

interesting to compare flame velocities predicted by this equation with the Semenov

and Tanford-Pease predictions. In reference 491 equation C65) was used to predict

flame velocities in two ways: C1) an empirical proportlons/_Ity factor K H was

evaluated for each set of experimental data (table IV-X), or C 2) the effects of all

types of active particles were considered by substituting
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for XH in equation (63). In this case, again an average proportionality constant

designated as KE was used for each set of experimental data (see table IV-X).

Table IV-X and the other work reported in reference 49 show that burnlng-veloclty

predictions from either form of the Manson equation are not as consistent as those

from the Semenov or the Tanford-Pease equation. The average deviation of the pre-
dicted velocities from measured values is about the same for the Semenov equation and

for the Tanford-Pease equation (method (2)) using an empirical activation energy.

Neither the Tanford-Pease equation nor the Semenov equation gives as good pre-

dictions of burning velocity when the empirical factor determined with one variable

is used to predict the effects of other variables. When the empirical factor cal-

culated for ethene flames from equivalence-ratio data was used in the Semenov equa-

tion to predict flame velocities over the ranges of initial temperature and oxygen

concentration covered experimentally, the predicted velocities differed from the

measured velocities by an average of 14 percent. The max/mum deviation was 24 per-

cent. Similarly, an average rate constant k calculated from the ethene-alr data
w

over a range of concentrations used with the Tanford-Pease equation gave burning-

velocity predictions for ethene-air mixtures at various initial temperatures that

deviated from the measured burning velocities by -9 to 13 percent with an average

deviation of 6 _ercent. Predicted flame velocities for various oxygen concentrations

with the same kw differed from experimental values by 8 to 22 percent with an aver-

age deviation of 12 percent.

In conclusion, if sufficient burning-velocity data are available to evaluate the

necessary empirical constants, fairly good predictions of burning velocity can be

made by semitheoretical methods for hydrocarbon-oxygen-nitrogen systems in which the

following are varied: (i) molecular structure of hydrocarbon, (2) equivalence ratio,

(3) initial mixture temperature, or (4) the oxygen concentration in the oxygen-

nitrogen part of the mixture.

Evaluation of thermal and diffuslonal mechanisms. - Correlations of measured

burning velocities with values predicted by approximate theoretical equations or with

parameters from these equations have been presented from time to time as evidence that

either a thermal or a diffusional mechanism of flame propagation is operative. For

example, approximate equations based on a thermal mechanism generally indicate a

relation between flame velocity and thermal conductivity, whereas those based on a

diffusional mechanism generally indicate a relation between flame velocity and equi-

librium concentrations and diffusion coefficients of the active particles. Many such

correlations are reported in the literBture. These include studies of the following

variables: (i)mixture composition (or equivalence ratio), 121 molecular structureof the fuel, (3) initial mixture temperature, (4) pressure, fuel additives#

(6) isotope substitution of deuterium for hydrogen in the fuel, and (7) change of
inert diluent. The correlations based on diffusional mechanisms are summarized in

table IV-V{ references to the original papers in which these correlations were given

and to figures showing representative examples (figs. IV-21 to -25) are also given.

The generality of the correlations between flame velocity and active-particle

concentrations indicates a need for a critical study of the physical significance

of the diffusion concept. Judgment or understanding of the physical significance is

difficult for several reasons:

(i) Equations for heat conduction are mathematically similar to those for dif-

fusion, so that burning-velocity equations based on either a thermal or a diffusion

mechanism of flame propagation are similar in form.
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(2) Thecalculated equilibrium concentrationsof active particles dependstrongly
on the temperatureof the flame. Moreover,thesecalculated concentrationsmaynot
representthe concentrationsthat exist in the flame.

(3) All the equationsthat maybe usedto test the experimentaldata are based
onbroadsimplifying assumptions,andthe validity of manyof theseassumptionsvaries
for different combustionsystems.

(4) Thechemicalkinetic factors that occurin the equationshavenot beenin-
dependentlydetermined(andprobablywill not bedeterminedfor manyyears).

(5) Thermalandtransport properties of mixturesat high temperaturesanddif-
fusion coefficients for atomsandfree radicals usedin the equationsare questionable.

(6) Theprecision of burning-veloclty measurementis usually 2 to 5 percent,
while the accuracyis probablymuchless.

Manydetailed studies of various combustiblesystemshavebeenpublished (table
IV-V), andexperimentshavebeendesignedwith the purposeof distinguishing between
the twomechanisms.Twosuchexperimentsare studies of the effects onburning veloc-
ity of the changein diluent from argonto helium(e.g., ref. ll4) andof substitution
of a deuteratedhydrocarbonfor a hydrogenatedone(ref. 129). In the formercasethe
flame temperatureremainsessentially constant, while diffusion coefficients and
thermal con_uctivities change. In the latter casethe major changeis in the most
importanttype of chain carrier, whichis usually the hydrogenatombut which, on the
substitution of a deuteratedcompound,becomesthe deuteriumatom. Critical examina-
tion of all suchexperimentsshowsthat diffusion effects donot give uniqueexplana-
tions of the experimentaldata; only twoexperimentalinvestigations appearto favor
onemechanismover the other. Both indicate that diffusion maybemoreimportant than
heat conduction:

(1) Nonhydrogen-containingcombustiblesystemsbowhichwateror hydrogenare
addedshowincreasedburningvelocities, while hydrogen-containingsystemsare not
greatly affected. Theincreasedburningvelocity is explicable on the basis of free-
radical diffusion. For oneof the two nonhydrogen-containingsystemsstudied (C0-02),
the burnlng-velocity effect on addition of w_ter (refs. 64 and ll5) is also explicable

on a conduction mechanism basis (ref. ll5). The other system (C2N2-O2-A , ref. i16)

is not so easily explained on a thermal basis.

(2) Changes in burning velocity caused by interchanging argon and helium as

diluents are closer to the predictions of diffusion theories than those of thermal

theories, as shown by table IV-XII (ref. ll4). In this table, the ratio of flame

velocity of a mixture containing helium to that of a mixture containing an equal

volume of argon is compared with the ratio of the square roots of the thermal con-

ductivities of these mixtures and with the ratios of the square roots of the diffusion

coefficients of various active particles. The ratios of diffusion coefficients are

closer to the flame velocity ratio than is the ratio of thermal conductivity for all

the fuels li_tcd except hydrogen.

Neither of these pieces of evidence is very strong, and both are subject to

criticism as to the validity of the criteria used to Judge which mechanism is opera-

tive. It is probable that both heat conduction and the diffusion of atoms and free

radicals contribute to the propagation of flame 3 and that both concepts are needed

to explain flame behavior. A better understanding of the mechanism of laminar flame

propagation in the future will result from the further development of the comprehen-
sive theory and the investigation of the chemical kinetics of flames.
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APPLICATIONOFLAMINARFLAMERESEARCHTOPRACTICALCOMBUSTIONFROBLEMS

A high flamevelocity contributesto maximumheat releaseper unit volumeand
enablesanalr-breathing engineto operateat high throughputrates without blow-out.
(It hasbeensuggested,however,that in somecasesa high flamevelocity maycon-
tribute to instability in the regionnear a flameholder throughincreasedshear;
seech. VI.) Thechemicalfactors that are importantin obtaining a high flameveloc-
ity are the fuel-oxygenratio, the molecularstructure of the fuel, andthe molefrac-
tion of oxygenin the air used. Theonly physical factor that hasanestablishedand
appreciableeffect on the laminar flamevelocity is the initial mixture temperature.
(Theeffects of flow parameterson turbulent flamevelocity are discussedin ch. V.)
Theeffects of these factors andof less importantfactors are summarizedin the
following paragraphs.

As the fuel-oxygenratio is increasedfromthe lean flammability limit, the flame
velocity increasesby a factor of 3 or 4 to a maximum value at a fuel-oxygen ratio

that is 1.0 to 1.2 times the stoichiometric ratio and then decreases to give a rather

symmetrical pattern about the maximum. This shows the importance of proper mixture

preparation as discussed in chapter I. Between the lean flammability limit and the

stoichiometric mixture, the flame velocity may be related to the fraction of stoichio-
metric fuel-oxygen ratio by an equation such as

UF

UF,_sKx

- 2.6 log _ + 0.94

which holds for ethene-, propyue-, and pentane-air mixtures. Empirical methods based

on the bond dissociation energy of the fuel are reported by which UF,ma x and the

corresponding @ may be predicted.

The maximum flame velocities of all hydrocarbons with air at 25° C and i atmos-

phere fall in the range 50 to 80 centimeters per second, with the exception of acety-

lene at 142 centimeters per second. Within this range, the following molecular

structural features contribute to high flame velocity: short chain length or small
cycloalkane ring size, unsaturation, and minimum chain branching. The effects of

unsaturation and branching become smaller as the chain length increases. Aromatic

compounds generally have flame velocities equal to or smaller than the saturated

hydrocarbons (alkanes, UF - 40 cm/sec), and chain branching has less effect on them.

Alkyl oxides (e.g., propylene oxide) have higher flame velocities than their parent

alkenes; aldehydes and ketones are generally intermediate between alkanes and alkenes;
and alcohols and ethers are near the alkanes.

An empirical equation has been developed for the flame velocities of allphatic

hydrocarbons based on the number of various types of carbon-hydrogen bonds. The

flame velocity of a mixture of hydrocarbons is related to the individual flame veloc-

ities through

No additives_ including antiknock compounds, have been found which will increase

flame velocity beyond the mixing effect given by the preceding equation for constant-

pressure combustion. Water decreases the flame velocity of hydrocarbons somewhat,
but not as much as an equal quantity of nitrogen.
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A factor that could enter the jet combustion picture either tl_rough deliberate

oxygen enrichment (e.g., for a pilot flame) or through vitiation of the combustion

air (as in tail-pipe burning) is the oxygen-nitrogen ratio, or more generally, the

oxygen-inert ratio. For hydrocarbon-oxygen-nltrogen mixtures, there is a Linear in-

crease in maximum flame velocity as the mole ratio 02/(02 + N2) is increased from

0.15 to 0.35. Empirical equations are presented for a number of hydrocarbons. If

the nitrogen is replaced by an equal volume of carbon dioxide, argon, or helium,

the flame velocity of the mixture increases in the order carbon dioxide < nitrogen <

argon < helium.

The flame velocity can also be increased several times by increasing the initial

mixture temperature, according to a relation such as that for propane-air in the
range 200 ° to 615 ° K:

UF,re I = 25 + 0.00085 To2

This shows the advantage that could be obtained with a fuel injector that would in-

ject hot gaseous fuel into hot primary air. For the smaller temperature range 290 °

to 420 ° K (or 520 ° to 760 ° R), it appears that UF _ Tol-4 would be a reasonable

assumption for many hydrocarbons, with the power increasing toward 2.0 as the high

end of the temperature range is increased.

At present, it appears that pressure has a negligible effect on flame velocity;

at most_ UF _ p-0.5 Electric fields and acoustical and mechanical disturbances also

have little or no effect.

Considerable advances have been made in recent years in the theory of the propa-

gation of a one-dimensional steady-state flame. Comprehensive equations have been

presented that take into account all the chemical species involved in the flame re-

actions with the necessary reaction rates and diffusion rates for each species. These

comprehensive equations have been solved by numerical integration for the simplest

kinds of flames, but the present state of knowledge does not allow their solution

for the flame velocities of complex hydrocarbon flames. Instead, various simpler,

approximate equations for the laminar flame velocity have been presented. Most of

these approximate equations consider flame propagation to occur through a mechanism

that is based primarily on either the conduction of heat from the flame to the un-

burned gas (thermal mechanism) or the diffusion of active reaction centers into the
unburned gas (diffusional mechanism). This chapter has shown that both types of

equations, as represented by the Semenov and Tanford-Pease equations, can be used to

predict, generally within lO or 20 percent, the relative changes in flame velocity

caused by changing the important chemical and physical factors.

The question is repeatedly raised as to whether heat conduction or active-

particle diffusion is more important in laminar flame propagation. Since both types

of equations usually give equally good relative predictions of flame velocity for

the chemical and physical factors that are of interest to engine applications, the

question remains unsolved. There are two experimental investigations, neither of which

can be considered final, that appear to favor a diffusional mechanism. One shows that

the addition of water or hydrogen to nonhydrogen-containing combustible mixtures in-

creases flame velocities, while hydrogen-containing systems are not greatly affected_
the other shows that changes in the flame velocity caused by interchanging argon and

helium as inert diluents are closer to the predictions of diffusional equations t_n

to those of thermal equations. It is probable that both heat conduction and active-

particle diffusion contribute to the propagation of any flame_ both are included in

the comprehensive equations.
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Anotheruseof the equationsdescribing laminar flamepropagationandof some
of the recentexperimentalinvestigations that is of interest in engineapplications
is the calculation of maximumheat-releaserates in laminarflames. Zeldovich (ref.
51) andAveryandHart (ref. 117)haveusedthermalequationsto calculate heat-
release rates of i0I0 and109 (Btu/(ft 3) (hr)(atm2)) for carbonmonoxideandbutane
flames, respectively. AveryandHart point out that a heat-releaserate of approxi-
mately108(Btu/(ft 3)(hr)) hasbeenachievedat i atmospherein a ram-Jetengineand
that this indicates the possibility that combustionrates underram-Jetconditions
of maximumheat releasemaybe determinedby kinetic factors rather thanmixing times
FriedmanandBurke(ref. 6) haveusedanenergyequationanalogousto equation(35)
togetherwith their experimentaltemperatureprofile to calculate the heat-release
rate as a function of distancethrougha lean propane-alrflameat 0.06 atmosphere,
with the results shownin figure IV-24.

Empiricalrelations for the effects of suchfactors as the ratio 02/(02 + N2)
andthe initial temperaturehavealreadyfoundusein correlations of engineperform-
ance. Theseandother correlations for enginecombustionefficiency andstability
whichinclude termsfor the chemicalreaction rates are discussed in subsequent
chapters.
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TABLEIV-I. - COMPARISONC_MAXIMUMFLAMEVELOCITIESDETEEMINEDBYVARIOUSMETHODS

[Propane-airat 25° Cand1 atm.]

Method

Burner:

Total area (eq. (2b))
Angle, r/r t in

cons_,velocity
range

Total area

Total area

Total area

Frustum area in-

cluding cone tip

Frustum area, rec-

t angular burner
Frustum area

Frustum area

Total area (eq. (2b))

Angle, at 0.36 to

0.51 rt

Angle, at common
point

Particle track

Tube :

Total area

Bomb:

Pressure record

Flame record

Type of

photography

Schlieren

Schlieren

Shadow, outer

edge

Shadow, inner
edge with

extrapolation
to flame axis

Shadow_ inner

edge

Shadow, inner
edge

Direct, inner

luminous edge
Direct

Direct

Direct, center
of luminous

zone

Direct

Combination of

direct and

shadow

Stroboscopic
direct

Direct

None

DirectJ

Tube diam. 3
c_n

1.26

1.358

1.57

1.27

ttube or

nozzle)

1.57

0.65x2.55

1.36

0.94

1.57

1.36

1.27

(nozzle)

2.5

15-cm

sphere

Equivalence
ratio for

msD(.

1.06

1.08

1.12

(i.05)

bl.o

1.07

i. O5

I.i

1.06

I. 05

1.14

b1.0

1.0

Max. flame

velocity,

cm/sec

43.0_
40.7J

a43.2

40.2

a45.5

45.4

46.7

a41.2

a41.5

a46.3

58

a45.5

a48.5

a45.0

a59.0

40.6

40.4

Reference

49

118

16

4,15

16

47

119

8

16

119

4315

58

45

45

aExact temperature not specified but assumed to be -25 ° C.

bThese determinations for stoichlometric mixtures do not represent maximums# but

are probably lower than the maximums by no more than 2 cm/sec.
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TABLE IV-II. - BOND DISSOCIATION ENERGIES FOR C4 AND C6 HYDROCARBONS

AT CONCENTRATION FOR AXIMOM FLAME VELOCITY

[Tube method; ref. 49. I

Eydroc_rbon

Butane

Hexane

2-Methylpropane

2, 2-Dimethylbutane
l-Butene

l-Hexene

Isobutene

2-Methyl-l-pentene

1 -Butyne

l-Hexyne

4-Methylpentyne
Benzene

Equivalence
ratio for

maximum _,

_max

1.09

1.16

1.11

i .12

1.17

1.16

i. 14

i. 19

1.17

i. 21

1.18

1.34

Deviation

of _.x

from av-

erage

percent

5.5

.9

3.6
2.5

1.7

.9

.9

3.4

1.7

5.0
2.5

14.2

Dissociation

energy of

hydrocarbon,

kcal

g-mole

1250

1791

1257

1821

1135

1680

1147

1603

1016

1564

1574

1305

Dissociation

energy of
mixture at

@max 3
keel.

liter

1.93

2.00

1.94

1.97

1.98

2.02

1.97

1.99

1.95

i .97

i. 95
1.96

Average i. IS 3.29 .... i. 96

Deviation

from

average

percent

2.0

1.5

1.5

.5

2.5

1.0
1.0

.0

1.0

.5

I 0.9

TABLE IV-Ill. - _4PIRICAL COEFFICIENTS FOR CALCUIATING MAXIMUM

FLAME VELOCITY FROM HYDROCARBON STRUCTURE

[Ref. 53.J

,Type C-H Bond Coefficient a,

°m/(8ec) (_nd/cm 3)

Methane

Primary

Secondary

Tertiary

Cyclohexyl

Alkene

Aromatic

An_me

_elative to propane.

KA = 90xlO -19

KB = 109

K C = 122

K D = ll6

KG = 129

KE = 207

K H = 216

KF = 574
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TABLEIV-IV. - VALUESOF_4PIRICALEQUATIONSa FOREFFECTOF _ ON

RELATIVEMAXIMUMFIAMEVELOCITYb

Fuel

Methane

Propane

I sooctane

Ethene

Acetylene

Hydrogen

Carbonmonoxide

To;
oK

Room

511

422

Room

511

422

511

422

Room

Room

Room

Room

Range of

O 2

(o2 + N2]

0.21-0.50

•18- .50

.21- .50

•20- .50

0.17-0.50

.17- .50

.21- .42

O. 21-0.50

•21- .50

O. 17-0.35

•17- .35

.21- .50

O. ll-O. 24

0.15-0.25

0.13-0.25

[Pressure, i atm_

c b CavB

1290 0.155

1550 .144

1520 .143

1420 •140

1420 0.140

1195 .126

1290 .135

ii172 0.125

i1056 .115

1085 0.118

! 981 .108

1100 .12

i 770 0.08

i

I 620 O.05

I 600 0.04

]1.79 11.16 o.133 5
J

4

0.381 1.40 0.120 5

1.23 1.18 0 i15 5

5

4

1

i

i

%,tel = B(# - C); UF,re I = B'Tob(#- C_.

h_,rel is maximum flame velocity (with respect to equivalence ratio) relative

to arbltraryvalue of i00 for _ = 0.21 and T = 298 ° K.

CMethod and reference:

i. Cone-height, total-area method of eq. (2a)_ ref. 8, pp. 459-466.

2. Luminous-cone, frustum-area method of eq. (5); ref. 8, p. 467.

3. Soap-bubble method; ref. 59.

4. Schlieren image (line of maxlmumlntensity obtalned with horizontal knife

edge), special angle method with nozzle burner; ref. 69.
5. Sehlieren-image (outer edge of image obtained wlth horizontal knife edge),

total-area method of eq. (26)j ref. 66.
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TABLE IV-VI. - MAXI_KIM FLAME VELOCITIES

Relative to arbitrary value of i00 for nitrogen with primary air in

which nitrogen was replaced by indicated inert gas._

Fuel

Methane

Reference

69

17, p. 2

68

67 for

A, He

8, p. 465

for CO 2

Method

Shadow

totallarea

Spatial velocity
in tube

Tube, area

Schlieren

totalarea

Cone-height

total-area

O2

02+inert

UF,re I _th

inert gas

Argon Helium

0.21 231 527

.21 270 520

.21 a231 a321

.21 185 300

.30 155 260

.4O 140 200

.60 115 150

.80 105 115

Propane 67 Schlieren 0.21
total-area .52

.42

.57

Ethene 70 Soap-bubble 0.21

Butadiene 71 0.21

Acetylene 70 Soap-bubble 0.21
67 Schlieren .Ii

total-area .21

Hydrogen 0.2168

72

8, p. 460

Spatial velocity
in tube

Cone-height

total-area

Cone-height
total-area

Cone-height

total-area

8, p. 462

•12

.21

•50

.50

.80

O. 21

•40

.60

.80

Carbon

monoxide

containing

1.5 percent

H2, 1.55

percent H20

CO 2

24

26

54

76

180 280

140 255

220 160

ii0 150

151 217

552

146 225

190 340

145 215

135

ci15

blss

c275

26

5O

68

85

96

52
7O i

I
86 I

94

J
aNo nitrogen value was given; these are )ased on relative value for argon

from ref. 69.

bsame value was also given for neon; results seem questionable

in view of ref. 72.

CNo nitrogen value was given for this inert concentration; relative

values are based on interpolated nitrogen value from ref. 8, p. 460.
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TABLE IV-VII. - FLAME VELOCITY MEA_S OF STOICHIOMETRIC

HYDROCARBON-AIR MIXTURES

[Constant-volume bomb and rectangular-burner,

inner-luminous-edge, frustum-area methods}
ref. 73.]

Fuel

Meth_ne

Propane

Ethene

255

580

552

760

253

523

760

38

76

152

580

760

1140

Flame velocity_
Bomb method

Pressure

record

36.0
36.6

62.5

62.7

65.0

62.8

65 .i

62.5

Flame

record

65.0
62.9

63.5

65.5

65.0

62.5

cm/sec
Burner

method

58 .i

57.8

57.0

39.9

41.2
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TABLE IV-VIII. - EFFECT OF PRESSURE ON FIAME VELOCITY

System

Methane-air

Propane-alr

Butane-air

@

1.00

1.00

1. O0

or _max

1.46

.60- .65

i. 00

1.00

@max

1.00

.56

ere ssure

range
atm

0.7 -i.0

.55-1.0

.25-1.0

1.0 -6.5

.25-6.5

.26- .66

0.7 -i.0

.55-I.0

.05-i.0

Approximate

pressure

dependence

None

None

-0.24
P
-0.45

P
-0.5

P

p-0.49

None

Non_
None

log p

p-O.50

None

Method

and

reference a

@
rasp(

O. 25-i.0 pO.17

i

2

3

3

3

4

_-Heptane-alr 1.00 0.55-0.99 p-0.56 8

Isooctane-air 1.00 0.55-0.92 p-0.59 8

Ethene-alr 1.00

1.00

I. 08-I. 24

1.4

.46

log p
None

None

-0.59
P

p-0.51

6
i

9

i0

4

None ii

p-O .47 4

None Ii

0.55-1.0

.05-1.5

•50- .80

.55-1.0

•26- .66

p-O. 51 8

Acetylene-air @max 0.01-i.0

0.35 .26- .66

Acetylene-02 @max 0.01-I.0

0.40-0.921.00Benzene -air

aMethods and references:

i. Constant-volume bomb 3 pressure record or flame record; ref. 73.

2. Rectangular burner, luminous conej frustum-area} ref. 75.

3. Burner, inner edge of luminous zone 3 total area; no effect of

tube diameter from 1 to 2 cm; ref. 78.

4. Flat flame burner, luminous zone, total area; ref. 19.

5. Burner, luminous cone, angle; ref. 75.

6. Burner, luminous cone, angle; ref. 77.

7. Spatial velocity in tube (drum camera)j ref. 79.
8. Ref. 80.

9. Soap-bubble; ref. 76.

i0. Burner; ref. 81.

ii. Burner, luminous cone, angle; ref. 74.
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TABLE IV-IX. - _ C_ IRITIAL MIEI_RE _ERAVSRZ ON LAMINAR FL_/,_ VELOCITY

[Empirical equations for flame velocity relative to arbitrary value of i00

st 25 ° C_ pressure, 1 atm. Calculations can only be made when B I C,

and b are given.i

Fuel

Methane

Ethane

Propane

Isooetane

Deeane

l-Decene

Benzene

Toluene

Et he ne

Acetylene

Hydrogen

Carbon monoxide

Natural g_s

City gas

oven gas

Oxidant

Air

Oxygen

Oxyge n

Air d

Air

Oxygen

Air d

Air

Air

Air

Air

Air

Air d

Air

Air

Air

Air

Air

Air Imoist)

Air

Air

Air

a)4ethods and references:

T O r_Lr_e

OK

Z95-?05

Z95-

141-615

Z75-1275

273-77:5

322-411

507 -615

_00-617

507-867

Z75-775

511-4Z2

:567 -41-1

567-41-1

:511-595

518-422

295-

522-4.]_l

507-615

2OO-617

417-590

UF,re I = B + CTo b Method and
reference a

B C I b

[ i. 70 1
!

24 0.47xi0-:5 I
2.00 2

2.11 5

50 c~1.70 4

25 c2. O0 4

(e) 58. OxlO -5 1.58 5

(e) _32 1.72 I 6

25 .55 2. OO I 57

52 c2.00 4

ii.9 _i0-5 I 1.40 5

(e) 7. :59_IO "5 1.67 8

(e) i. 99_i0-:5 1.90 8

(e) 5.95KI0 "3 1.76 8

(e) 28.90.i0-:5 i 1.43 8

2.00 2

(e) 25.4_I0 "5 1.47 5

(e) _2._ 1._65 6
16 4.05 1.'74 5

fl.80 9

Z95- 2.00 2

Z95-755 2.00 1

291-875 0 4.8xlO -5 i. 75 i0

Z95- 2.00 2

295- 2.00 2

552-756 2.00 9

295- 2
Z95-77:5 gi.74 ii

285-673 i. 64 12

i. Lumlnous-come-helght total-area by eq. _2a); ref. 8:5.

2. Lumlnous-come-height total-area by eq. _2a); ref. 84.

5. Inner or outer edge of cone shadow, total-area by eq. (Zb); ref. 16.

4. Lumlnous-cone-helght total-area by eq. (2a); ref. B6.
5. Outer edge of schller_n cone (horizontal knife edge advanced downward), total°

area by eq. _2b)j ref. 66.

6. Inner or outer edge of cone shs_low, total-area by eq. (Zb); ref. 85.

7. Outer edge of schlieren cone _orizontal knife edge advanced downward)s total°

area by eq. (2b); ref. 87.

8. Lumlnous-cone angle _t 0.8 rtJ ref. 52.

9. Sch//eren} ref. 88,
i0. Ltlmlnous-cone tutal-area) ref. 89.

11. Lumlnous-cone total-aree; _f. 57.

12. Luminous-cone-height %o%ai-_ by eq. _2b)} ref. 57.

CThese constants based_on authors' belief that Sanhsse had not corrected his flame

velocities for expansion due to preheating. All Sachsse's curves are for lean

fnel -c_ygen mixtur_ s.

dSsme relation successfully umed empirically for 0_(02 + N2) = 0.25 to 0.50}
ref. 54.

eDeliberately equated to zero to Simplify ex]pl_,ll, lltom for engine application.

fRaage of data too llm_ltea _ma" data _tter too _reat to rely on results.

gPreheeted only air.
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TABLE IV-XI. - HYDROGEN ATOM CORUENTRATION IN COMBUSTION

ZONE GF MOIST CARBON MDNOXI_E - OXYGEN FLAMES

[Ref. i04.]

X2
cm

0

.002

.004

.006

.008

.010

Local

m_ _c_-e

temperature,

2950

2650

2550

2050

1740

1460

K atam, mole fraction

Local

e qul librlum

2.4xlO -5

8.5 xlO "4

2.5 xlO-4

4.0 xlO -5

4.4xlO -6

2.2x]_O -7

Diffusion

(eq.C_})

2.40xlO -5

2.57

2.54

2.52

2.29

2.26

TABLEIV-XII.-COMPARISONSFORFIAMESWITHARC,ONANDHELIUMASIMERT

[Refn4]

Fuel

c_2

c°(_o)

Fuel,

perceut

8

i0

15

50
57

Inert j

percent

75
71

69

2O

4O

CH 4 i0 71

21H
2

c_4 6

7.7

i0

68

75

75
71

Prol_erty with He gm inert

Ratio: Property wlth A as inert

1.61 2.69 1.50 1.59 1.41

1.54 2.67 1.28 1.58 1.59

1.55 2.64 1.27 1.55 1.57

1.09 I 1.57 1.06 1.07 1.08

1.28 i 1.95 1.15 1.15 1.18

1.59 2.65 1.29 1.59 1.41

2.40 1.94 1.52 1.47 1.51

1.42 2.71 1.24 1.42 1.44

1.45 2.70 1.25 1.40 1.45

1.46 2.68 1.22 1.58 1.41
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Figure IV-3. - Change in relative flame velocity wlth equiva-

lence ratio at 25 ° C and i atmosphere (re/. 39).
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Figure IV-4. - Flame velocity as function of equivalence ratio at various

initial mixture temperatures for propane-air flames at i atmosphere,

measured by outer-shadow-edge total-area burner method (ref. 16) .
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Figure IV-5. - Flame velocity as function of equivalence ratio over range

of oxygen concentrations for propane-oxygen-nitrogen mixtures at 511 ° K,
measured by schlieren total-area burner method (ref. 48).
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Figure IV-7. - Effect of chain length and saturation on

relative flame velocities of straight-chain (or non-

substituted ring) hydrocarbons at 25 ° C and 1 atmosphere

(by permission from refs. 38, 40, and 46).
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Figure IV-10. - Comparison of flame velocities measured by the inner-

shadow-edge burner method (ref. 47) with values measured by tube

method (ref. 40).
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CHAPTER V

TURBULENT FLAMES

By Melvin Gerstein and Gordon L. Dugger

t_

INTRODUCTION

The previous chapter is concerned with laminar flames in which a smooth, dis-

crete flame zone exists. Such smooth flames (e.g., fig. IV-2) occur when the un-

burned gas flow is laminar and undisturbed (ref. i). Small flow disturbances may

distort the flame surface (ref. 2) and influence the rate of flame propagation some-

what, but the discrete reaction zone remains. If, however, the unb1_ned gas flow is

made turbulent, a diffuse, brushy flame results, and the rate at which the combusti-

ble mixt_me is consumed increases greatly. The turbulent flame, unlike the laminar

one, is often accompanied by noise and rapid fluctuations of the flame envelope.

For the laminar flame, it is possible to define a flame velocity that, within

reasonable limits, is independent of the experimental apparatus. It would be equally

_esirable to define a propagation velocity for turbulent flames that would be inde-

pendent of the experimental apparatus and depend only on the fuel-air mixture and

some easily identified properties of the flow. Such is not yet the case, however_

and the numerical values of turbulent propagation velocities depend not only on the

experimental technique but also on the concept of turbulent flames assumed by the

investigator. Similarly, the theoretical concepts of turbulent flames are not as

well defined as laminar flame theories. These points should be kept in mind during

consideration of this chapterj in which the current status of knowledge in the field

of turbulent flame propagation is discussed.

_MBOLS

The following symbols are used in this chapter:

A cross-sectional area

a constant

b constant

C constant

Cp specific heat

d diameter

E energy

F fraction of fuel

h height of perturbation

K constant

Z scale of turbulence
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_i Lagrangianscale

_2 Eulerian scale

R correlation factor

Re Reynoldsnumber

r radius

S surfacearea of cone

T temperature

t time

U velocity

U' turbulent componentof turbulent flamevelocity

u velocity fluctuations

u' intensity of turbulencej

v' rmsfluctuating velocity in y-directlon

x distance

Y duct half-width

meandisplacement

y flamehalf-width

5 flame thickness

eddydlffus ivity

x thermal conductivity

v kinematic viscosity

p dens ity

reaction time

chemical reaction rate

Subscripts:

b burned gas

F flame

L laminar

t_

u_
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(D

max max imum

o initial conditions

t tube

tot total

u unburned gas

CHARACTERISTICS OF TURBULENT FLAMES

The nature of turbulent flames has been studied, using the photographic tech-

niques developed for laminar flames (ch. IV). Unlike the laminar flame, however,

the flame surface is very complex, and it is difficult to locate the various surfaces

that were used to characterize laminar flames. A brief description of the character-

istics of some turbulent flames is given in the following sections.

Bunsen Flames

The turbulent Bunsen flame has probably received the most attention. Laminar

and turbulent Bunsen flames are compared in figure V-I, which compares time exposures

of the luminous zones of a laminar and a turbulent flame. The diffuse appearance of

the time exposure of the luminous turbulent flame zone is due to the rapid oscilla-

tions of a wrinkled flame fronty which can be seen in instantaneous schlieren photo-

graphs (ref. i). Superposition of the schlieren photograph on the luminous photo-

graph shows that the random fluctuations of the instantaneous flame front are

contained within the luminous envelope (ref. I, p. 481).

Flame height. - As long as the approach flow of unburned gas toward an open

flame remains laminar, an increase in the average stream velocity is maintained ac-

cording to equation (i) of chapter IV. The cone height increases correspondingly,

and for a perfectly conical flame the relation between cone height and average stream

velocity is given by the solid line in figure V-2. When the flow becomes turbulent,

however, the flame becomes turbulent and the mean flame height (fig. V-3) no longer

increases in the same manner_ greater quantities of fuel-air mixture are consumed in

a turbulent flame than would be consumed in a laminar flame of the same height. The

dotted curve in figure V-2 represents the mean flame heights measured (ref. 5) for

turbulent flames burning under conditions comparable with those used to calculate

the laminar curve except for the nature of the flow. The variation of the mean flame

height with flow velocity and tube diameter for three fuels 3 propane, ethene 3 and

acetylene are shown in figure V-A from reference 3. The mean height of the flame and

the width of the burner port can be used to estimate a lower limit to the flame volume

required under a particular set of conditions. Any reduction in available space

should lead to inefficient burning.

Brush width. - A time exposure of the turbulent flame surface appears as a brush

of increasing width from base to tip as shown in figure V-3. The distance between

the inner and outer boundaries of the flame brush at the tip of the flame has been

called the brush width. In reference 3, the brush width as a function of flow veloc-

ity and tube diameter was measured for propane and acetylene flames. The data are

plotted against Reynolds number in figure V-5. At low Reynolds numbers (below 2000)

where the flow and flame become laminar, the distance between the inner and outer

boundaries should approach the thickness of the luminous zone of a laminar flame, of

the order of 0.1 millimeter (ref. l, pp. 238, 254). Only flow velocity and tube

diameter were varied in this study, density and viscosity remaining roughly constant.
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Flames in Tubes

Only a limited amount of basic work has been done on the velocity and structure
of turbulent flames in tubes. Many investigators have noted that a laminar flame in

a tube can become oscillatory and finally become diffuse and wrinkled like a turbulent

burner flame. In an experiment in which the gas velocity ahead of the flame was meas-

ured, it was found that the turbulent flame appeared when the gas flow ahead of the
flame had a Reynolds number exceeding 2000 (ref. 4). In the case of flames propa-

gating toward the closed end of a tube, a turbulent circulatory motion is set up

ahead of the flame, creating a turbulent flame. In all cases, the spatial rate of

flame propagation increases when the turbulent flame appears.

Flames Supported on Rods (V-Flames)

A technique that has created considerable interest because of its similarity to

flames supported on flame holders is the V-flame method in which the flame is sup-

ported on a rod. Essentially_ the V-flame measures the ability of the flame to

spread from the sheltered zone near the stabilizer into the unburned gas flowing past

it. The greater the burning rate, the wider the flame will grow at a given distance

from the flame holder. The flame width s then, is a measure of the burning rate.

r--

u_

_JRBJLENT FLAME VELOCITY

Measurement

02en burner flames. - The earliest measurements of a turbulent flame velocity

were those of reference 53 in which it was assumed that the inner boundary of the

turbulent flame represented a zone of maximum burning rate or the turbulent flame

velocity 3 while the outer boundary represented the zone of slowest burning rate or
the laminar flame velocity. The surface areas corresponding to these zones were

measured, and flame velocities were calculated by a total-area method using equa-

tion (1) of chapter IV. The flame velocity calculated from the inner surface is a
maximum value and corresponds to the hypothetical condition that at any instant all

the flame exists along this surface. As is evident from instantaneous schlieren

photographs of turbulent flames, only part of the flame exists at the inner surface

at any instant.

In consideration of the fluctuating nature of a turbulent flame, a llne, such

as the dotted llne in figure V-3, might be drawn somewhere between the inner and
outer boundaries to indicate a mean flame surface about which the instantaneous flame

front oscillates. It might be considered the most probable position of any given

increment of flame front. In reference 33 the llnewas drawn midway between the

inner and outer boundaries} such a surface does not give a mean surface area. In

reference 6, the locus of maximum light intensity determined from densitometer meas-

urements on the time exposure was used. Since the extreme boundaries of a turbulent

flame are quite diffuse, this method of determining a mean boundary is more precise

and more readily reproducecl. The flame velocity so obtained is intermediate betweem

the minimum and the maxlmumof reference 5) there is no simple relation between the

maximum flame velocity of reference 5 and the turbulent flame velocity of reference

6, because the dimensions of the flame brush change as flow conditions chaDge

<fig. V-5).

References 3 and 5 report flame velocities computed by a total-area method based

on surface-of-revolutlon formulas (ch IV, eq. (2b))_ whereas, in reference 6, am

angle method was used (ch. IV, eq. (_i)-- It is important to mote, however, that none



NACA RM E54107 V-5

O_
O7

of these methods of computing turbulent flame velocity corresponds to that for com-

puting the laminar flame velocity, which is defined as the flow velocity of unburned

gas perpendicular to the instantaneous flame surface. The calculated turbulent flame

velocity corresponds to the flow velocity of unburned gas perpendicular to a time-

average position of the flame, and the instantaneous flame surface area does not

enter the calculation. No precise measurements have been made of the velocity normal

to t_e actual flame surface, although the laminar flame velocity does enter many of

the proposed theoretical relations discussed in this chapter.

In reference 7_ an attempt was made to estimate the total area of a turbulent

flame from the height and diameter of the perturbations visible on a spark photo-

graph. It was found that

d : S.OT, (i)

where

d diameter of perturbation

L average eddy dL_meter (called turbulent wind in ref. 7)

and

where

0.266 u'
tot

h = (2)

UF,L

h height of perturbation

u' total rms fluctuating velocity
tot

Flames in tubes. - In reference 8, spatial velocities of turbulent flames in

tubes were measured. The ratio of turbulent to laminar spatial velocity in a tube

is equivalent to the ratio obtained with a Bunsen burner with the additional assump-

tion that the mean flame boundary has the same meaning in both cases.

Spherical flames. - Analogous to the use of the soap-bubble or constant-volume

bomb method for laminar flame velocities 3 spherical flames have been used to study

turbulent flame velocity. In reference 9, a single spark was used to ignite a tur-

bulent mixture flowing through a 4- by _-inch duct, thus creating a sphere of flame

that expanded into the flowing unburned gas mixture. Just as in the soap-bubble

method, the spatial rate of propagation of the mean spherical surface multiplied by

an expansion ratio resulted in a flame velocity. In the soap-bubble and constant-

volume bomb experiments 3 the required expansion ratios could be measured_ but in

the free-stream method used in reference 9j a theoretical expansion ratio was used

which was based on the equilibrium flame temperature. The ratio of turbulent to

laminar spatial velocities, assuming the same expansion ratio applies for both cases,

should then be equivalent to the flame velocity ratio obtained in tube and Bunsen

flames.

Flames supported on rods (VTflames). - The turbulent V-flame may be used to de-

termine the flame velocity in a manner analogous to the laminar V-flame (ch. IV).

Consider the sketch in figure V-6 (ref. 10). The total length of burning surface

of one side of the V-flame is 0S, the approach-stream velocity is Uo# and the duct
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half-width is Y. Consider the flame segment OS', which extends from the flame

holder to the point where the flame half-wldth is y. The unburned gas that enters

segment OS' originally had a stream tube half-wldth Yo and velocity U o in the

approach stream. In this two-dimenslonal systemj Y3 Yo3 and OS' are representative

of areas; and s since the pressure drop due to combustion is small s the density of the

unburned gas may be assumed constant. Hence I the product yU is constant for con-
servation of mass. By analogy to equation (1) of chapter IV s the average turbulent

flame velocity for the segment is

UF, _ = yoUJ_ ' (5)

The fraction of fuel F burned in segment y is

YoUo Yo

F = _---j = T (4)

Therefore_

u;,T = n uJ , (5)

The flame half-width y was considered a differential width dy with corresponding

increments in pressure and unburned and burned gas velocities in reference lO_ this

concept was used in the writing of differential equations for the over-all mass bal-

ance, over-all force balance 3 and force balances on the burned and unburned gases.
These equations were solved by a stepwise method for finite increments in order to

obtain curves of y/Y against F (fig. V-7). Flame widths y were measured from

the outer edge of the luminous flame zone from a time exposure of the turbulent

V-flame. The values of F were then read from figure V-7 s and the average turbulent
flame velocities were calculated by equation (5).

De?endence of flame velocity on location of measurement. - As with the laminar

flame (ch. IV)s the turbulent flame velocity may vary from point to point. Figure

V-8 shows the ratio of turbulent to laminar flame velocity UFsT/UFs L plotted against

the fraction of the tube radius r/r t. The flame velocity ratio increases from unity

at the tube rim (r/r t = l) to the order of 4 at r/r t = 0.7. These changes are con-

sidered further in the discussion of flame-induced turbulence. The effects of chemi-

cal and physical variables on UF, T discussed hereinafter apply to average velocities

determined by total-area methods.

uO

Effects of Chemical Variables

Fuel concentration. - Reference 5 reports measurements of the effect of fuel

concentration on the turbulent flame velocities of propane-oxygen mixtures. The

results are shown in figure V-9, where the dotted curve represents measurements

based on the outer boundary of the flame brush, whereas the solid curves are based

on the inner boundary. According to reference 5s these velocities represent laminar

and turbulent flame velocitles I respectively. The dashed curve shows laminar flame
velocities measured from the inner boundary of the luminous zone of a laminar flame.

As would be expected if the outer boundary of the turbulent flame brush does repre-

sent a laminar flame velocity 3 all the points computed from it s irrespective of tube

size or flow characteristics, fall on a single curve. The dashed curve representing

laminar flame velocity based on the inner boundary of the luminous zone mlgnt be
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expec%ei to fall above the dotted curve because of the finite thickness of the lumi-

nous zone. The turbulent flames show a rapidly increasing velocity from rich mixtures

toward stoichiometric. Unfortunately_ leaner flames were unstable and could not be

studied. It should be noted that the higher flame velocities in figure V-9 were

meas<'red with higher flow velocities, so that the increase in flame velocity was not

due to changes in fuel-oxidant ratio alone} and 3 as will be evident in the discussion

of the effect of flow velocity on turbulent flame velocity_ the increases in flame

velocity from rich to stoichiometric mixtures were greater than the would be expected

from the effect of fuel-oxidant ratio alone.

In reference 3_ a more complete study was made of the effect of fuel concentra-

tion on ethene-air flames on a 3/8-inch burner using flow velocity (expressed in

terms of Reynolds number) as a parameter. The data are shown in figure V-IO. Ti_e

curves indicate a maximum slightly richer than stoichiometric_ the maximum not shift-

ing appreciably with Reynolds number.

Reference ii reports a slight shift of the maximum toward richer mixtures at

higher turbulence levels for butane flames. The turbulence was produced by screens

for most of the cases shown in figure V-II.

The V-flame data of reference i0 presented in figure V-12 also show a maximum

at fuel-air ratios near the laminar maximum. The effect of velocity is not quite

as clear-cut as that of reference 5 because of the 50-foot-per-second curve falling

above the lO0-foot-per-second curve. The flames were turbulent, although, in these

cases_ the approach flow was laminar. The turbulence in the flame was attributed to

a flame-generated turbulence, the effect increasing with increasing velocity. This

point is discussed in a subsequent section in this chapter. The results are rela-

tively independent of stabilizer size and shape and are insensitive to the introduc-

tion of turbulence-producing screens just below the stabilizer.

Fuel type. - It is shown in reference 3 that for propane-, ethene-, and

acetylene-air flames the turbulent flame velocities were empirically correlated by

the expression showing a direct proportionality to laminar flame velocity (table V-l).

Thus, turbulent flame velocity, under the conditions studied, might be expected to

vary with hydrocarbon structure in the same way that laminar flame velocity does.

This is also in agreement with the theoretical treatments of references 6, i0, and
12.

Effects of Physical Variables

Pressure. - There is no adequate information on the effects of pressure on tur-

bulent flame velocity. However 3 the problem is considered in reference 15, in which

turbulent hydrogen-oxygen flames at a pressure of 14.6 atmospheres were studied. The

burner diameter and the height of the equivalent cone defined by the angle of the

turbulent flame near the burner rim in equation (2a) of chapter IV were used to ob-

tain an equivalent cone area. An equivalent flame velocity for the turbulent flame

was then computed from this area by equation (i) of chapter IV. Since UF3JUFjL_

approaches 1 near the rim (fig. V-8)I these flame velocities would be near the lami-

nar flame velocities.

A comparison of these computed velocities at a pressure of 14.6 atmospheres with

laminar flame velocities at 1 atmosphere is shown in figure V-13. It is difficult

to discuss quantitatively the effect of pressure 3 since the flames were small and

the measurements are necessarily less reliable than those obtained for slower flames.
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Temperature. - The effect of initial air temperature on turbulent flame velocity

of coke-oven gas-air mixtures was measured by Heiligenstaedt (ref. 14), whose curves

in terms of UF, T/UF, L in figure V-14. The inner flame surface was8.re replotted

used and assumed to be a right circular cone. Although three distinct curves for the

three temperatures appear in the figure, indicating a small negative temperature de-

pendence of UF T/UF L3 Reynolds number correlates the data to within lO percent over
' 6

the range l0 ° to 400 C. Heiligenstaedt reported the turbulent flame velocity to

increase approximately as the 1.6 power of the absolute initial temperature:

Tol.6UF, T _ (6)

According to Delbourg Cref. 14)3 for town gas - air flames,

UF, T To I . 65 O9
oc To -0"

UF, L Tol. 74

(7)

Tnust for both of these examples the ratio of turbulent to laminar flame velocity is

practically independent of initial temperature.

Velocity and turbulence promotion. - Several investigators have studied the ef-

fect of flow velocity on turbulent flame velocity. Tube diameter was also varied in

these investigations, and the results were usually presented in terms of Reynolds

number. Since for most of the studies density and viscosity were constant, the use

of Reynolds number as a correlating parameter must be questioned. However, the re-

sults of Heiligenstaedt for various initial temperatures (hence various densities

and viscosities) indicate that Reynolds number may be a meaningful parameter when

plotted against the ratio of turbulent to laminar flame velocity (fig. V-14). He

found UF_T/UFsL_Re at Reynolds numbers above 103000. Delbourg (ref. 12), who

used the Bunsen burner technique and the inner flame boundary; shows the change of

flame velocity as Reynolds number increases from i000 to about 35,000. His results

in figure V-15 on a double logarithmic scale show that, at Reynolds numbers to about

20003 the laminar flame velocity is obtained and is independent of Reynolds number.

Between ZO00 and 4000 he found a transition region showing a rapid increase in the

ratio UF, T/UF,L, followed by a linear change in the ratio from 4000 to 35,000 such

that UF,T/UF, L = 0.088 Re 0"4. The variation of UF,T/UF, L with Reynolds number

for propane-oxygen flames as measured in reference 5 is shown in figure V-169 the

results indicate that I for Reynolds numbers between 2000 and 5000, UF,T/UF, L _ Re 0"53

and for larger Reynolds numbers; UF,T/UF, L _ Re in agreement with Heiligenstaeat.

The results of reference 5 for acetylene-_ ethane- s and propane-air are shown in fig-

ure V-17. Empirical equations for the curves are given in table V-I.

Although velocity and Reynolds number are related to the intensity and scale of

turbulence in pipe flow, the turbulence is not isotroplc. Several investigators have

used screens of known characteristics to produce turbulence in the unburned gas. In

reference 153 a rectangular Bunsen burner was used9 the ratio of turbulent to laminar

flame velocity and the intensity of turbulence in the narrow dimension of the burner

were correlated. The results are shown in figure V-18. In reference 16_ a similar

technique but a symmetrical burner was used9 the results are correlated with the

turbulence intensity along the direction of flow. A tube method was used in refer-

ence 8_ the spatial velocity as a function of distance from the turbulence-produclng

screen was measured. Since the intensity of turbulence varies with distance from the
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screen, the results (fig. V-19) show the variation of flame speed with intensity of

turbulence. In reference 9, the expanding spherical flame was used, with screens

to create turbulence; a variation was obtained, as shown in figure V-20. The author

found a verj low L%minar flame velocity of only 0.59 foot per second which is unex-

plained as yet. A distribution of flame velocities was obtained which the author

asscci_ted with tLe random nature cf turbulence. The curves illustrate the data ob-

tained as a function of the fraction of the measurements giving a given flame veloc-

ity. It should be noted that in all these experiments the turbulence level was based

on mea_ured or calculated intensities in the absence of flame. Except for the experi-

ment_ of reference 8, in which the intensity was considered at each point in the tube_

the me_±surements were n_de at the initiation point of the flame (the lip of the burner

for Bunsen flames or the ignition point for spherical flames), and hence the flame

propagated into regions of varying turbulence.

The empirical equations for the variations of t_mbulent flame velocity with

turbulence intensity in the approach stream are given in table V-II. Since Reynolds

number can be related to intensity by the equation Re _u' (ref. 5)_ the data of

referen<:es 3, 53 and 12 can also be compared. The comparison of turbulent burning

velocities by different investigators is difficult, however, because of the varied

techniques used to study the flame and the different interpretations of the location

of the flame surface. For example, in reference 5_ in which the innermost boundary

of the flame brush was used, turbulent burning velocities were considerably higher

than those of reference 5, in which a mean flame surface was used. In deciding which

of several relations to use, it is best at present to choose the one obtained in the

experiment that most closely resembles the condition for which the data will be used.

For approximate estimates of turbulent burning velocity, the expression of reference

5 is recommended for its convenience.

THEORIES OF TURBULENT FLAME PROPAGATION

The increased rate of burning of a fuel-air mixture in a turbulent flame compared

with a laminar flame may be due to any one or a combination of three processes: (i)

TTle turbulent flow may distort the flame so that the surface area is markedly in-

creased_ while the normal component of the burning velocity remains the laminar flame

velocity. (2) Turbulence may increase the rate of transport of heat and active spe-

cies, thus increasing the actual burning velocity normal to the flame surface. (3)

Turbulence may rapidly mix the burned and unburned gas in such a way that the flame

becomes essentially a homogeneous reaction, the rate depending on the ratio of burned

to unburned gas produced in the mixing process. The first two processes have re-

ceived the major emphasis in the consideration of turbulent Bunsen burner, tube, and

V-flames_ while the third process has been considered for some combustor systems.

Turbulent Flames

Damkohler theory. - DamkShler (ref. 5) pioneered in theoretical considerations

of turbulent flames. He considered separately the cases of large-scale (greater than

the flame thickness 5)_ small-intensity turbulence, and small-scale (< 5), large-

intensity turbulence. He readily admitted that both situations existed in most

flames, the large-scale turbulence being of greater importance in combustor applica-

tions. DamkShler points out that the eddy diffusivity z alone may not be sufficient

to describe the effects of turbulence on flames, since z = Zu' and both Z and u'

may have different influences on flame propagation. It is necessary, therefore, to

know both the scale and intensity of turbulence.

In the case of large-scale, low-intensity turbulence, Damkohler suggests that

the flame will be wrinkled but that the laminar transport processes will remain vir-

tually unaffected. This is not unreasonable if large-scale turbulence is considered
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to consist of large eddies,within whichthe molecularprocessesof heat transfer
anddlffusion take place independentof the movementof the eddyas a whole.
Damkohlersuggeststhe following picture:

U o

m

UF ,L

(a)

uO

(b)

the case of a laminar flat flame with const_t U O = _,_ the situation _ (a)

is obtained. _ velocity fluctuations u _e Intr_uc_, however, the velocity at

some points will be U O + u, and a conlc_ Bunsen-like flame retaking a normal

flame velocity UF, L will be obtained. _ere U o - u exists, a loc_ flash-back

wi_ occ_. _ the case of flash-back, the flame s_face area cont_ues to _crease

so that the spati_ rate of flame movement _creases with t_e, and hence the dis-

tortion is greater where the vel_ity fluctuation is negative. _ order to r_erse

the flash-back, the flow velocity must exceed U o + u. _e velocity fluctuations

thus produce a wrinkled flame.

Equation (i) of chapter _ shows that for a const_t UF, L the flame area w_l

be proportional to the flow velocity) hence, the me_ flow t_o_h the t_b_ent

flame UF, T _ u' , where u' = _u2; or, if _ is const_t as is true for tube flow I

UF, T _ _. Since _ _ Re, it follows, accordi_ to DamkS_er, that UF, T _Re for

large-sc_e, low-lntensity t_b_ence. _cause _ the complex nat_e of the wrin-

ging, DamkO_er concludes th_ the exact relation between Reyn_ds number and UF, T

cabot be _itten, but o_y the proportlon_ity. _ is evld_t from figure V-16, the

t_bulent flame velocity meas_ed by Damk6_ller _i_ the inner lumin_s s_face is

linear with Reynolds number at the higher Reynolds numbers. Since the hlgh_ Reynolds

numbers were produc_ in tubes of large diameter, they do represent large-sc_e tur-

bulence in which Z_ varies _om 2.7 to 2.1. Actually, the eq_tlon repr_entlr_

the straight portion is of the form UF, T = a Re + b, and Damko_er attributed the

the term h to small-sc_e t_b_ence. For a different _terpretatlon of the same

_ta, see the discussion of _ibo_g's theory.
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In order to explain the influence of small-scale turbulence on flame velocity_

Dar_b_der investigated the change in diffusion anc heat transfer witil Reynolds number_

since the small-scale turbulence is assumed to produce no roughening of the flame

surfa:e. In thermal mechanisms of flame propagation 3 the flame velocity is related

to transport properties by the following relation from equation ($9) of caapter IV:

UF,L_ . / _L (_)
lV!Cp--6o

Since _L/CpPo - v, it follows that UF, L _ _/_. In turbulent flowj 6 ._eter-

mines the tturbu]ent heat-transfer coefficient so that

_T

CpPo

can be used in turbulent flame equations. _fne ratio of turbulent to laminar flame

velocities would then be given by

(10)

Damkohler points out that equation (i0), unlike the relations for large-scale turbu-

lenc% shows the direct dependence of the flame velocity ratio and not merely pro-

portionality. It should be remembered 3 however; that this is true only if the

remaining terms in equation (Zg) of chapter IV are not influenced by turbulen_:e.

Equation (i0) would permit the calculation of turbulent flame velocities for

small-scale turbulence. Since the value of _ changes across the burner diameter,

however_ and only a mean flame velocity was measured by Damk_hler_ a direct compari-

son was not possible. Damkohler constructed a hypothetical inner flame cone using

equation (i0) and an equation for the radius and height for laminar flames. He then

eal<:ulated a mean turbulent flame velocity from the constructed flame shape. _e

dotted line in figure V-16 indicates reasonable agreement between his calculated and

experimental results.

Shelkin theory. - Shelkin (ref. 17) expanded on Damk'6hler's model of turbulent

flame propagation but; in general; came to similar conclusions. He assumed from the

early thermal theories that the flame velocity could be represented by

UF, L :_/-_-_ (11)

where • is the reaction time.

In the turbulent cas% molecular and turbulent heat transfer would be combined

so that

which assumes that

Rearrangingj

L+×T

UF, T = ¥

is unchanged in small-scale_ high-intensity turbulence.

(lZ)
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UF: T = + = UF, L 1 +x-_
(13)

may be written. If it is assumed that ×L + XT = CpPoe, Damk_hler's equation is

obtained.

For large-scale turbulence I Shelkin also assumes that only the flame area

changes. He assumes that the flame breaks into cones and that the ratio of the tur-

bulent flame velocity to laminar flame velocity will be equal to the ratio of the

surface area of the average cone to the area of its base. The height of the cone is

taken to be proportional to the intensity of turbulence u' Qsee fig. V-2 for the

variation of cone height with velocity) and is given by Zu'/UF, L. The surface area

of the cone is then

S=_

while the area of the base is ,A = _(Z/2) 2.

rearranging,

(_u'_2

+ \uF,L7 (14)

Hence the ratio becomes, after

: s / bu'h2 (15)UF,L : + \U ,LJ

(b = 2 for a cone, but Shelkin prefers the arbitrary constant b.) This reduces to

DamkShler's equation when (bu'/UF, L) 2 > > 1 or when u' > UF,L) hence, Shelkln con-

cludes that Damk6hler's equation applies for large-scale, high-intenslty turbulence.

For very large intensities, Shelkin suggests that the flame breaks up into small

islands and that the rate of burning depends only on the rate of mixing so that

UF, T _ u' and is completely independent of UF: L. While this is evidently not the

case for burner flames (see fig. V-17), it is reasonable that some combustor condi-

tions may exist where mixing processes control the burning rate.

Scurlock (ref. i0) combines both of Shelkin's equations so that for small-scale

turbulence equation (13) is approached, for large-scale turbulence equation (15) is

approached, and both are important where the scale of turbulence is of the order of

the flame thickness. Scurlock's equation is

UF,TuF,L=_/[i + tU--F_L_/2u'\2.............................(C 1 _/5_] [1 +\Cu'ZJ(l/X/cPD°k _/C21811+ ZlS)I + (16)

Delbourg theor 7. - Delbourg (ref. 12) investigated in greater detail the regime

that DamkShler and Shelkin attributed to small-scale turbulence where the flame speed

changes because of changes in the transport properties. Delbourg, like Shelkin I

introduces an over-all thermal conductivity x = x L + x T composed of laminar and

turbulent components. Delbourg uses essentially a thermal approach to calculate

turbulent flame velocity: Delbourg writes an energy equation analogous to the in-

tegrated form of the energy equation (_Ba) of chapter IV for laminar flames, and a

continuity equation analogous to equation (_2a) of chapter IV.

In order to simplify integration, Delbourg assumes that the chemical reaction

rate _ is directly proportional to temperature rather than the usual Arrhenius

r_

uo

N_
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rea:_tion rate and uses mean values for the thermal conductivity

Cp. De/bo_g's assumptions lead to the following equation for laminar flame:

× an/ specific heat

CLT° TF - % (l_)
UF'L = -- XL oPoCp T 3 - T

By analogy, he writes for turbulent flames

where

CIT o T F - T 3

UF, T = -- × (18)
PoCp T S - T o

C I represents the nontemperature-dependent terms in the turbulent reaction

rate, and, like

component:

_; may be considered to be composed of a turbulent and a laminar

C 1 = C T + C L (19)

Some changes in the equations are necessary to obtain a solution in terms of meas-

urable quantities. From equation (9)_ the turbulent component of thermal conduc-

tivity is proportional to the eddy diffusivity:

and for tube flow,

_T _ _ (zo)

_ = f (f) Re 7/8 (21)

Since _T is therefore a,function of radlus_ it is difficult to relate the calcula-

tions to the measured average flame velocity. A turbulent flame velocity based on

an average across the tube may be defined:

-- At (22)
u_,_ = Uo_

where

A t cross-sectional area of tube

S F surface area of flame

By numerical integration of the differential equations relating the surface area of

the turbulent flame to measurable quantities 3 Delbourg gets

UF_T : 0.0128 Re 0"4 (25)

UF_L

which is in reasonable agreement with his experimental relation
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UFjT = 0.088 Re 0"4 (24)

UF,L

As shown in figure V-21, Delbourg points out that DamkShler's data are in agreement,
since they may be represented by an equation

Delbourg states that the ratio

mixture.

UFjT = 0.07 Re 0"4 (25)

UF,L

UF, T/UF, L is relatively independent of the fuel-air

Karlovitz theory. - Karlovitz and coworkers (ref. 6) studied a model much like

Damkbhler's for large-scale turbulence. They consider the effect produced as an eddy

passes through a laminar flame front. The time of contact between the eddy and the

flame is given by t = _/UF, L. During this contact period the flame is distorted,

since the element of flame in contact with the eddy is advanced a distance _ in

the time t because of the contact with the eddy. The turbulent movement velocity
is then

The value of

u' = (26)F,T -_

is determined from the equation

X_ = lu'2 to It - to<l - e-t/to>ll {

where t o = Z/u'.

Substituting these relations in equation (26)I there results the general
equation

which I for t/t o

(UF,T)2 = ZUF, L - u' - e

<< 1 (low-intenslty turbulence), reduces to

(27)

(28)

U_ = u !_T

and 3 for t/t o >> 1 (high intensity), reduces to

(29)

u_,_ = (2uF,L u,)1/2

or (30)

" (2u ?/2%T=
uF,L

uO
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Karlcvitz founa that equation (50) represents the general equation (2) over most of

the range. If" it is assumed that u' _ Re; then Karlovitz's results are in qualita-

tive agreement with Delbourg's Re variation, but Karlovitz snows a dependence of

the ratio on laminar flame velocity.

Equations (28), (29), and (50) give only a part of the turbulent flame movement,

however. Karlovitz suggests that the turbulent motion described by U_, T proceeis

forward and backward wlth equal velocity but produces no net movement of the entire

flame. _lere must be added to the turbulent movement the one-directional flame move-

ment that results from laminar flame propagation so that the turbulent flame velocity

is

= u' +
UF,T F,T UF_L

The equations for turbulent flame velocity thus become:

General equation:

i

UF,L {(U-_L)[I-- e 2

For t/t ° << I:

For t/t o >> i:

= i + u__L (33)
UF_L UF,L

/ 2u,\i/2

Leason theory. - Leason (ref. 8) also considers the effect produced when an

eddy passes through a flame. The physical picture; which is based on an eddy con-

taining a sinusoidal velocity profile; is illustrated in figure V-22. Leason obtains

from the geometric consideration alone the relation

UF,L [

which would be the same as Shelkin's relation for a cone (eq. (l[)j b : 2) if the

U o in the brackets were replaced by UF, L. Leason found that the area extension

alone did not account for all of the flame velocity increase with turbulence. There-

fore, he added a diffusivity factor similar to Damkohler's, except that it takes into

account the statistical property of the turbulent flow. The use of the entire spec-

trum of turbulence intensities, of course; greatly complicates the equations, but the

good agreement obtained by Leason between his modified equation and his experiments

is shown in figure V-23. Inasmuch as Leason does not give the complete development

of his equations, it is difficult to evaluate the results.
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Scurlock and Grover theory. - Scurlock and Grover (ref. 18) developed in detail

the processes that can produce wrinkling of the flame surface in turbulent flow.

Only large-scale turbulence is considered 3 and it is assumed that the laminar flame

velocity within the wrinkled flame remains unchanged. In the manner of Shelkin (ref.

17) and Lesson (ref. 8), Scurlock and Grover assume that the passage of an eddy

through the undisturbed flame front produces the wrinkling. A sketch of the assumed

wrinkled flame shape after the passage of a certain time is given; note the similarity

to figure V-22(c) from Lesson's model:

Mean position

of flame

(s) Initially (b) Flame after

flat flsme passage of

time

It is assumed that the average height of the wrinkles is proportional to the root-

mean-square displacement of a flame element from the mean flame front posi-

tion and that the average base width of these wrinkles is proportional to the Eulerian

scale Z2. Considering the wrinkle either as an infinitely long prism with the cross

section corresponding to one of the wrinkles in the sketch_ or as a cone with height

and base diameter" as shown 3 would give the ratio of wrinkled area (turbulent flame)

to base area (laminar flame):

+
"_L = UF, L : \ 7,2 /j C36)

where C S = 4C12/C22. This has the same form as Shelkin's equation (see eq. (15)),

but the root-mean-square displacement and Eulerian scale have been used instead of

the turbulence intensity and laminar flame velocity.

According to the preceding picture of a turbulent flamej the ratio of the tur-

bu/ent to laminar flame velocities will depend on both y2 and _2" Scurlock and

Grover describe three effects believed to be important in determining y2. These

&re:

(i) Eddy diffusion associated with turbulence in the unburned gases which tends

to increase y2

(2) Propagation of the flame into the unburned gasesj which tends to reduce y2

t_

U3
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(7) Flame-generated instability and shear and eddy diffusion_ which are a:;so-

:iated with the density decrease across a flame and wi_ich tend to increase

y2

ihe process of eddy diffusion resulting from turbulence in the approach flow

can he considered alone if UF_ L is assumed small so that UF_gU' approaches zero

and if the density change across the flame is ignored. Under these conditions; the

mean lisplacement at any time t can be calculated from the equation

d(_) 2(u' )2 't
dt : R t dt (S7)

_,O

(See <h. II for a more detailed discussion of calculations of the mean displacement.)

In the actual flame; however I the flame has moved a distance y = UF3 L t; so that the

simple displacement previously calculated does not apply. Consideration must also

be given to the change of flame position. Scurlock and Grover accomplish this hy

means of a mixed (time and position) correlation factor Rty such that

-- t I_t

2(u,)2= Rty dt = 2(u')2 I RtRy dt (.38)

dt _J0 J 0

For very short diffusion times 3 RtRy _ i and equation (38) reduces to

dY_ - 2(u')2 t
dt

or

For long diffusion tlmes_

y2 : (u,t)2

y2 = 2u' _t

(40)

(41)

where

ZI' = u' i RtRy

'0

dt = u'T O (42)

It is much more difficult to evaluate the equation for intermediate times. Scurlock

an_ Grover derive the equation

2u,qt ll zi /
= [ -_y \i- e 'I

(43)

i

and suggest that ZI can be calculated from the equation



V-18 NACA RM E54107

_i _2

i+ 2+
2U v U n

It should be noted that the consideration of eddy diffusion alone predicts that

the area increases rapidly and reaches no limiting value with increasing time. The

rate of area increase is reduced by decreasing u'_ by increasing UF, L, and by

increasing 12 .

The tendency for a flame to flatten and decrease the flame surface was treated

by Karlovitz and coworkers (ref. 6). Scurlock uses an essentially similar treatment.

Consider a single wrinkle in the flame and the effect of laminar flame propagation.

Unburned gas

/ \
k

\\
/ /",./TX/"\. \

/ ,'k/ I \._,, \\ ,
,, ,_7 "K_xxv, ,

__1
Burned gas

As illustrated 3 the presence of a constant velocity tends to flatten the flame s thus

reducing the area ratio AT/A L. If the mean depth of the wrinkle is CI(Y2) l/ the

distance between the heads of two wrinkles_ one facing toward the unburned gas and

--)1the other toward the burned gas, is 2CI(Y2 /2. The rate of change of this quantity

with time consists of two terms 3 a positive term representing the rate of movement

of the apex into the unburned gas and equal to UF_L3 and a negative term representing

a decrease in the protrusion of the negative apex into the burned gas and given by

/2
_22)1_UF,L(I + C2 y2/ . The change in displacement due to flame propagation may

thus be obtained from

dt CsUF3L < , C2 i_-2 1 }

The negative sign indicates the reduction in y2

- l} (4_)

due to the flame propagation.

The last effect considered by Scurlock and Grover is the increased displacement

due to flame-generated disturbance resulting from the decreased density of the burned

gas compared with the unburned gas. A sketch is presented in figure V-24 shQwing

the shear regions that generate turbulence in a rod-stabillzed flame. In region 11

the unburned gas velocity exceeds the velocities in the sheltered eddy region behind
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the stabilizer. In region 2_ the unburned gases 3 which have been accelerated; still

have l_w<-? veioci_ies than the burned gases. Finally_ the burned gases are completely

mixed and a uniform velocity results. They write momentum balances between the un-

burned gases and the gases exiting in nonuniform flow from the combustion zone (shear

region 2 in fig. V-2,1)3 and be0ween the unburned _ases and the gases exitin_ in uniform

flow after complete mixing (burned gases of region 5 in fig. V-24). From these two

momentum balances they solve for half the difference in the squares of the velocities

of unmixed and mixed burned gases} this quantity represents the maximum kineti_ energy

that would be available for t[_e turbulence generation from this source. Assuming

that this energy is equally divided among the three directions to produce an isotropic

turbulence intensity u_3

1 E = 1 2 (4<)

or

The value of u_ so calculated may be combined with

give the total intensity u' in the flame as follows:

u' of the approach stream to
o

]i i : f (Uo) + ? C4 j

The combined displacement for the tl_ee effects can then be calculated from the

sum of equations (43) and (45) wherein u' is calculated by equation (48).

A comparison of the shape and thickness of turbulent flames resulting from a

consiieration of the three processes influencing y2 is shown in figure V-2_ . The

curves of UF_/UFj L against initial velocity calculated from a combination of the

three effects agree well in shape with the data of reference S, although the theory

does not predict the strong effect of scale (as indicated by the dependence of

UFjT/UF_ L on the tube diameter) found in reference S. Scurlock and Grover suggest

that the discrepancy may be in the fraction of the kinetic energy of the burned

gases_ which is converted into turbulence having a scale dependence.

k_e theories of turbulent flame velocity consider small-scale tt_bulence as a

means of increasing the heat-transfer and diffusion characteristics of the system_

while large-scale turbulence increases the surface area of the flame. The latter

condition is probably of the most interest in practical applications. The theories

are not yet sufficiently advanced to be of great value in predictir_ turbulent flame

velocities. It appears, at this time_ that more reliable estimates may be made using

the empirical relations listed in tables V-I and -II.

Flame-lnduced Turbulence

The theoretical studies presented attempt to relate the turbulent flame velocity

to the intensity and scale of the approach-stream turbulence. While Damkohler 3

Delbourg 3 and Leason met with some success in this regard_ some of the observations

by Scurlock and Karlovitz require additional explanations.
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If the turbulent flamevelocity is strongly dependenton the approach-stream
turbulence, it wouldbe expectedthat changesin the intensity of turbulenceshould
be reflected in the flamevelocity. Scurlock(ref. 10) foundin his V-flameexperi-
mentsthat the insertion of screensin the approachflow hada negligible effect on
the measuredflamevelocity. Heexplainsthis phenomenonby suggestinga modelin
whichthe approach-streamturbulencemerelyis addedto a muchstronger turbulence
producedby the flame itself. Asburningbeginsat the stabilizer, as shownin fig-
ure V-24, the unburnedgasaroundit musteither expandor accelerate. Sincethe
gasflow is enclosedin a tunnel, the unburnedgasesaccelerate3 producingshear
forces betweenthe burnedandunburnedgasandcreating a highly turbulent flow. If
the shearforces becomesufficiently great, asmayoccurat very high velocities 3 the
flamemaynot be able to transfer heatandactive particles at a sufficient rate to
propagate. This suggeststhat too muchturbulencecanbedetrimental to flamepropa-
gation andis consistentwith experimentalobservationsof flamestability (ch. VI).

Karlovitz (ref. 6) subsequentlyfoundit necessaryto considerflame-induced
turbulencefor openflamesas well. Sinceheusedananglemethodto determinetur-
bulent flamevelocity, hewasable to measureflamevelocity as a function of the
distancefrom the tube edge. Usingequation(52) to calculate turbulenceintensities
fromhis measuredturbulent flamevelocities, Karlovitz foundthat the calculated
u' agreedwith the u' measuredby a hot-wire anemometeronly at the burnerrim3
and,as shownin figure V-26#the calculated u' is considerablygreater than the
measuredintensity at other points. It wasmentionedpreviously that the expansion
of the burnedgasmayeither acceleratethe unburnedgasor causeit to expand. In
the closedpipe, a velocity increasewassuggested. With the openflame#Karlovitz
suggeststhat the expansionof the burnedgasfrom the flame, whichis oriented at
randomangles, producesrandomfluctuations in the unburnedgasj thus increasingthe
turbulenceintensity. Theturbulenceintensity increasesas the burningproceeds
fromthe baseto the tip of the flame. Karlovitz computesthe maximumflame-
generatedturbulencefromanequationbasedon the expansionratio_ where

u ( lk( u l'k
: - • ¢19)

The calculated flame-generated turbulence is shown in figure V-26, and it is evident

that this could account for the discrepancy between calculated and measured turbu-

lence intensities.

u9

APPLICABILITY OF TURBULENT FLAME S%_JDIES TO JET-ENGINE COMBUSTION

One of the characteristics that the turbulent flames considered in this chapter

have in common is the apparent existence of a continuous flame surface. While islands

of flame may be broken away from the main body of flame under high flow conditions#

such flames have not received much study. The flames existin_ in practical combus-

tots may or may not have a continuous surface. It appears reasonable that a flame

burning from a flame holder_ at least under conditions of moderate flow velocity_

should resemble the V-flames discussed herein. There is no analogy, howeverj between

these flames and the highly broken-up flame in a turbojet combustor. Nevertheless,

if these islands of flame behave as individual burning spheres s each such sphere may

retain the burning characteristics of the turbulent flames discussed in this chapter.

Despite the uncertainty in the prediction of turbulent burning velocity, the

flame dimensions included herein may be used to compute the space requlremen_s for

combustion under a given flow condition. It may be assumed 3 for example# that the

envelope of a turbulent Bunsen flame represents the minimum volume necessary for

complete combustion of the mixture flowing into the flame. Correlationa based on

this and analogous concepts are presented in subsequent chapters.
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TABLE V-I. - EXPERIMENTAL RELATIONS BETWEEN TURBULENT FLAME

VELOCITY AND REYNOLDS NUMBER

Mixtume Reynolds number Relation

range

Propane-oxygen

Town gas - air

Pr°pane-aira h

Et_ene-aira

Acetyleme-air_

21000-53000

51000-40,000

21000-403000

33000-403000

UFj T _ Re 0"5

UF3 T = C I + C2Re

UF3 T OCUF_ L Re 0"4 12

UF, T = 5

UF, T. (0.18%0"2%e 0"24)

aFuel-oxidant ratio for maximum turbulent flame velocity.

Refer-

ence

TABLE V-ll. - EXPERIMENTAL RELATIONS BETWEEN TURB_ FLAME

VELOCITY AND _YRBUI_i_SE INTENSITY

Mixture

Propane-air

Butane-air

Stoichiometric

1.25 Stoichiometric

1.50 Stoichiometric

Propane-air}

stoichiometric

Relation

UF,T o_v'(Uo)

UF, T : UF, L [i + 0.02 Uo(U'/U ° + 0.04)]

UF, T = UF, L [i + (24 + 0.0147 Uo)(U'/UT, o + 0.01)]

UF, T = UF, L [i + (77 + 0.0406 Uo)(U'/U o + 0.01)]

_,_ _,.[_+_._cu/_o_+_,oC_o/.__._]

Refer-

ence

15

16

ii
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c- 37090

Laminar Turbulent

Figure V-I. Comparison of direct photographs of a laminar and

turbulent flame at the same flow rate, fuel-air ratio, and
burner size.
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flame

height

Figure V-5. - Time exposure of luminous turbulent flame showing

boundaries of flame brush and mean surface about which instantaneous

flame front oscillates (ref. 5).
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8

4O

3O

2O

I0

r

Nominal tube

diameter,

in.

O

,-/

>

o 3/8]
O 5/8_Propane

d 3/8 }Acetylene5/8
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CHAPTER VI

FLAME STABILIZATION

By Gordon L. Dugger and Melvin Gersteln

C_
CJ

to

INTRODUCTION

The discussion of flame stabilization presented in this chapter is limited to

studies of open flames burning from the ends of cylindrical tubes or nozzles and of

confined flames burning from single flame holders in small, ram-jet-type combustion

chambers. The description 3 definition, and significance of critical boundary veloc-

ity gradients, penetration distances, and eddy stabilization are given. Also in-

cluded are experimental data and correlations of the effects of various flow param-

eters and chemical factors on flame stability. Some instability phenomena connected

with the propagation of nonturbulent flames are discussed. Finally, theoretical

treatments for the prediction of critical boundary velocity gradients and for sta-

bilization in the recirculatlon zone behind bluff bodies (eddy stabilization) are

considered.

A

a

B

b

C

C

%

D

d

d*

E

F

f

G

SYMBOLS

The following symbols are used in this chapter:

area

constant

ratio of rod diameter to tube diameter

exponent

collision concentration

exponent

specific heat

diffusion coefficient

diameter

characteristic dimension of flame holder

activation energy

friction factor

fuel-alr ratio

mass-flow rate

g boundary velocity gradient
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H

K

k

M

m

P

q

R

Re

r

T

T 5

U

V

X

X

Y

Z

g

x

v

P

heat-supply rate

property of multifuel mixture

constant

molecular weight

exponent

pressure

percent of stolchlometric oxidant

universal gas constant

Reynolds number

radius

temperature

ignition temperature

fundamental velocity

volume

mole fraction

distance

fraction of stoichiometrlc fuel concentration

collision factor

reactlon-zone thickness

fraction of entering fuel

thermal conductivity

absolute viscosity

kinematic viscosity

density

equivalence ratio

volumetri c ratio

Subscripts :

a air

av average

b blow-off
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c cell

F flame

f fuel

fb flash-back

I ith fuel

j jth fuel

L laminar

m mixture

o initial conditions

p penetration

r rod

req required

s sheltered zone

st stoichiometric

STABILITY DISC, RAMS: VELOCITY-CONCENTRATION LIMITS

Open Flames with Secondary Air

The velocity-concentratlon regions for the various stability phenomena typical

of open burner flames with secondary (ambient) air 3 which have been studied by a

number of investigators (e.g., refs. 1 to 3), are schematically illustrated in fig-

ure VI-1. When the approach velocity to a seated open flame is decreased until the

flame velocity exceeds the approach velocity over some portion of the burner portj

the flame flashes back into the burner. This flash-back always occurs in the un-

shaded area under the flash-back curve in figure VI-1. If, on the other hand, the

approach velocity is increased until it exceeds the flame velocity at every point,

the flame will either be extinguished completely when the conditions fall in the un-

shaded region to the left of the blow-off curve or, for fuel-rlch mixtures I it will

be lifted above the burner until a new stable position in the gas stream above the

port is reached as a result of turbulent mixing with and dilution by secondary air.

The lift curve is a continuation of the blow-off curve beyond a critical percentage

of the fuel gas at point A. The blow-out curve corresponds to the gas velocity

required to extinguish a lifted_f_ame. Once the flame has been lifted above the

port, the approach velocity must be decreased to well below the llft velocity before

the flame will drop back and be reseated on the burner rim. Between fuel concentra-

tions A and B_ the blow-out of the lifted flame occurs at a lower velocity than

the flame blow-off from the port. Such a lifted flame, at constant composition, can

be produced only by ignition from above the port.

Flames Deprived of Secondary Air

Burner flames may be deprived of secondary air either by surrounding the flame

with an annular flow of an inert gas (ref. 4, p. Z87) or by splitting the flame



VI-4 NACA RM E54107

(Smithells separator-type burner) so that the outer mantle burns above an outer con-

centric tube, thus depriving the inner cone of access to the secondary air (ref. 5).

In either case, blow-off curves pass through a maximum near the stoichiometric con-

centration (fig. VI-2) and therefore are similar in shape to flame velocity curves

(e.g., fig. IV-Z). The decrease in blow-off velocity with increasing concentration

on the rich side is not observed with open flames having access to secondary alr 3
because, as a rich mixture is diluted by secondary air through molecular and eddy

diffusion, the flame velocity is kept high and the blow-off velocity continues to

increase. For the same reason, lifted flames do not occur in the absence of second-

amy air. Flash-back is, of course, unaffected by secondary air. The blow-off be-

havior of confined flames burning from flame holders is similar_ as illustrated by

figure VI-5 for a hydrocarbon fuel burning from flame holders of various diameters

(ref. 6). These flame holders were mounted across the 1-1nch dimension of a I- by

4- by 12-inch combustion chamber.

Another type of stability diagram that eliminated the effect of flame-holder

diameter for rich blow-off from spherical flame holders in a 1-1nch free Jet at

atmospheric pressure is demonstrated in reference 7. Fuel mass flow was plotted

against air mass flow, as shown in figure Vl-4, in which the rich curves form a
common envelope.

o_

O

MECHANIS_ OF FLAME STABILIZATION

Critical Boundary Velocity Gradient

Flames stabilized on burner. - The conditions for stability maybe described

in terms of laminar flowj regardless of whether the flow in the tube is laminar or

turbulent, because in either case there is a laminar sublayer at the stream boundary
(ref. 1). Any point of equality between flow velocity and flame velocity must lie

within the laminar sublayer, because the gas velocity at the boundary between the

sublayer and the turbulent core is greater than the flame velocity. The velocity

gradient in this region near the stream boundary where stabilization must occur may

be assumed constant if the width of the region is small compared with the tube diam-

eter. In reference 3 (p. 282), curves for flash-back of natural gas flames indicate

that this assumption is satisfactory for correlating flash-back data obtained with

tube diameters larger than the flame-quenching diameter. The critical boundary

velocity gradients for flash-back and blow-off have been used quite successfully
both to correlate flash-back or blow-off data obtained with burners of various sizes

and shapes (ref. 3, pp. 282-302, and ref. 8) and to correlate turbulent with laminar

blow-off data (e.g. I refs. 2 and 9).

The interaction of the flame velocity and the critical boundary velocity gra-

dient for a Bunsen flame can be understood by reference to figure VI-5. Figure

VI-5(a) illustrates how the flame position shifts with increasing gas flow_ the flow

increasing from flame position A to C. As the flame moves away from the burner

port, the fringe of the flame moves closer to the stream boundary. The reason for

this can be seen by considering also curves A, B_ and C of figure VI-S(b), which
represent the variation of flame velocity with distance from the stream boundary for

flame positions A, BI and C. In all these curves s the flame velocity is constant

far from the stream boundary, but at smaller distances the solid burner rim exerts a

quenching effect on the flame by extracting heat and destroying reactive chain

carriers 3 and the flame velocity decreases. At some small dlstanee from the stream

boundary s the quenching becomes complete and the flame velocity falls to zero. The

height of the flame fringe above the rim (fig. VI-5(a)) has been called the dead space

above the rim. As the flame moves up from position A to position B or C, the

loss of heat and active particles diminishes_ the region of constant flame velocity

extends closer to the stream boundary, and the fringe of the flame approaches the
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0
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stream bour,_ary. For lean mixtures, there is a limit to this movement toward the

stream houndary, because there is superimposed on the quenching effect a flame

velocity reduction due to the diffusion of external (secondary) air into the unburned

gas. fhis diluting effect increases as the flame moves away from the burner. Thus 3

fly,me velocity curve C may represent the limit of approach of the flame fringe

toward the stream boundary for a lean mixture. For a rich mixture, secondary-air

dilution may increase the flame velocity; for a very rich mixture, a stable lifted

fi_ze may be obtained several tube diameters above the port (fig. VI-6_ note that

the base of the flame is at the point of turbulent break-up of the laminar jet

issuing from the port; the turbulent eddy diffusion is required to mix sufficient

secondary air with the very rich mixture so that a nearly stoichiometric mixture

results). Conversely, curve A of figure VI-5(b) may represent the limit due to

quenching to which a stable flame can approach the burner rim.

For any flame velocity curve between the limiting curves A and C (fig.

VI-5(b)), there will be a gas flow for which the straight line representing the

boundary velocity gradient is tangent to the flame velocity curve (lines 2 to 4).

Any line such as lj which represents a smaller gradient than line 2, will intersect

curve A, and there will be a region where the flame velocity exceeds the gas veloc-

ity. As a result, the flame will flash back into the tube. Any gradient larger than

line 4 will cause the gas velocity to be everywhere greater than the flame velocity,

and the flame will blow off. Hence, gradients 2 and 4 are called the critical bound-

ary velocity gradients for flash-back and blow-off, respectively.

The critical boundary velocity gradients for Bunsen flames are calculated from

equations for the frictional drag imposed by a wall. For fully developed laminar

flow through a long cylindrical tube (Reynolds number < 2100), the critical boundary

velocity gradient may be found by differentiating the Poiseuille equation (ref. 5,

p. 279), which gives

g. 8Uav/dt (1)

The more general equation, which holds for any either laminar or turbulent flow, is

2
g = FpUav/2_ = FUa_Re/2d t (21

where

F friction factor from empirical Fanning equation (ref. 9)

For the laminar flow condition through long cylinders considered in equation (1) 3

F i 16/Re. The following expressions are given in reference 8 for the friction

factor in laminar flow through various types of burners:

Type of burner Friction I Equation

factor, F - i
_- 0 85

Short circular port (orifice) 8._LRe " (3)

Long square channel 18.9_Re l'll (4)

Long rectangular channel 40 2/Re 1"27 (5)

Long triangular channel 2918/Re 1"29 (6)

In all these cases# the diameter used in computing Re is the hydraulic diameter,

that is, twice the cross-sectional area of the channel divided by the perimeter.
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For turbulent flow in long, smooth,cylindrical tubes, severalequationshave
appearedin the literature, the empirical equationof Blasuis (see ref. 9) is used
in references2 and 8 to i0. For 3000 < Re < i003000 s this equation gives

; - O.080/Re°'2s (7)

Others (e.g., ref. i) have u_ed the empirical equation of Koo (see ref. ii), which

for the range 5000 < Re < 20C,000 gives

F " 0.046/Re 0'2 (8)

For flow in the transition region between laminar and turbulent flow

(2100 < Re < 3000 to 50QO), there is no available equation for F. Some estimate of

F is obtained from arbitrary curves connecting the curves for laminar and turbulent

flow (ref. ii).

Flames supported on wires or rods. - A mechanism similar to that for burner

flames can be applied with some success to flames supported on wires or rods, but

the correlations are not as good as those for burner flames# and other mechanisms

have been proposed. Neverthelessj it is of interest to examine this theory for

supported flames. Lewis and ;on Elbe (ref. 3, p. 245) visualize the stabilization

as shown in figure VI-7. In figure VI-7(a), the concept of the flow around a wire

located coaxially with the flow is shown. Just above the wire, there is a region of

zero flow velocity followed by a gradient to the stream flow. At position A above

the wire, the condition showr, in figure VI-7(b) exists, in which the flame velocity

is everywhere lower than the flow velocity and a stable flame cannot exist. The

flame would thus be forced upward, away from the wire. At a position more remote

from the wire, such as position B, both the flow velocity and the flame velocity in

this region increase, the flame velocity increasing more rapidly than the flow

velocity_ so that ultimately a point of tangency exists as shown in figure VI-7(c)#

which corresponds to condition of stability. The increase in flame velocity is

limited, however, since it presumably will approach laminar flame velocity when the

quenching action of the wire is reduced, but the flow velocity can be increased so

that ultimately the flow velocity exceeds the flame velocity at all points and the

flame blows off, as shown by the curves of figure VI-7(d). As long as the wire does

not heat up and is smaller than twice the dead space in diameter, Lewis and yon Elbe

predict that the velocity gradient for blow-off is independent of wire diameter.

However, larger wires produce a large sheltered region, so that a higher flow veloc-

ity and a higher boundary velocity gradient are reached before blow-off occurs.

The critical boundary velocity gradients for flames anchored at the end of an

axially mounted wire or rod nay be calculated by differentiating the equation for

flow through an annular space, which gives (ref. 3, p. 289)

" B2

2Uav -2 + -_ g.

inB _I

(9)

Penetration distance. - An arbitrarily defined quantity that has been used to

illustrate the effects of wall quenching and secondary-air dilution (e.g., refs. l,

3 (p. 285), 9, lO, and ]2) i_ the penetration distance Xp:

- UF/gm_ (lO)

o_

er}
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This ratio of fundamental flame velocity to critical boundary velocity gradient rep-

resents the distance from the burner wall at whlch the local stream velocity is

equal to the fundamental flame velocity (fig. VI-8). The penetration distance is to

be distinguished from the small dead space at the wall (fig. VI-8(a)) or the dead

space above the rim (fig. VI-8(b)) where quenching Is complete and the luminous zone

assumes a position parallel to the gas-flow lines. For the case of flash-back, this

distance approximates the depth of penetration of the quenching effect of a single

wall3 that is, the distance from the wall at which the local flame velocity becomes

smaller than the fundamental flame velocity of the mixture as a result of quenching.

In the case of blow-off, secondary-alr dilution also affects the penetration dis-

tance; for a lean mixture, secondary-air dilution would tend to decrease the flame

velocity and thus decrease the penetration distance, whereas for very rlch mixtures,

it would have the opposite effect. (The maximum flame velocity generally occurs

with a mixture slightly richer than stolchiometric.) The subject of penetration

distance Is discussed further In the theoretical section of this chapter.

Stabilization by Eddies

While the mechanism of Lewis and yon Elbe is reasonable for supported flames

as well as for burner flames_ some of the characteristics of supported flames are

not as well described as is desirable. Supported flames do not always blow off as

the theory suggests, but often a small residual flame remains in the wake of the

support. Lewis and yon Elbe have; in fact, shown that this region is not character-

ized by a linear velocity gradient but that eddies are formed Just after the support.

These are shown schematically in figure VI-9, in which the eddies are apparently

stabilized by the flame; since for a given flow the eddy is smaller with ignition

than without. Reference 15 suggests that these eddies act as a source of heat and

active radicals and thus provide a constant ignition source to stabilize the flame.

The nature of these eddies and the flow around them will determine when blow-off

occurs, because an equilibrium will be set up between the production of heat in the

eddies, its transfer to the surrounding flow, and the ignition requirements. This

subject is also discussed later in this chapter.

EFFECT OF VARIABLES ON STABILITY LIMITS

Flow Variables at Constant Pressure and Temperature

Characteristic dimension of burner or flame holder. - A number of investigators

have found that flash-back and blow-off limits of open flames burning from tubes or

nozzles at room conditions are independent of tube diameter when plotted as fuel

concentration (or equivalence ratio) against the critical boundary velocity gradient.

Lewis and yon Elbe (ref. 3, pp. 282-300) plotted flash-back limit data for natural

gas - air, hydrogen-air, hydrogen-oxygen, acetylene-oxygen, methane-oxygen-nitrogen,

and propane-oxygen-nitrogen flames In thls manner. They found the critical boundary

velocity gradients for flash-back gfb to be independent of tube diameter as long

as the diameter w_s somewhat larger than the quenching diameter but not so large

that flash-back was preceded by a severe tilting of the flame 3 in which case the

limit was not clearly distinguished.

The critical boundary velocity gradients for blow-off gb of natural gas -

air mixtures in the laminar flow region were also independent of diameter both for

ordinary Bunsen flames and for some inverted flames stabilized at the ends of wires

mounted In the axes of the tubes. Successful correlations were obtained wlth gb

for several other fuel-oxygen-nltrogen mixtures In laminar flow. Reference 2 pre-

sents a correlation extending from the lamlnar-flow range well Into the turbulent-

flow range on a continuous curve for propane-air flames for a range of tube diameters
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as shown in figure Vl-10. This figure shows that the curves for the small tubes

deviate toward higher velocity gradients only above a propane mole fraction of 0.LS.

Reference 1 also presents continuous curves from laminar into turbulent flow for

butane-alr flames. Furthermore, it was shown that the hydrogen-air data of refer-

ence 3 (pp. 292-293) when properly calculated gave a similar smooth curve extending

into the turbulent region.

For blow-off limits of simple, single flame holders in small combustion

chambers s various investigators have found correlations with a parameter U,v/d *b

plotted against fuel concentration I where d* is the characteristic dimension of

the flame holder and b is an empirical exponent (table VI-I). For example, in

reference 13, a correlation was obtained for b - 0.45 with rods varying in diam-

eter from 0.016 to 0.&98 inch (some of which were downstream of turbulence-producing

screens) for city gas - air flames in a two-dimensional combustion chamber 1 by 3

inches in cross section (fig. VI-II). Reference 6 reports the data of figure VI-3

to be correlated with b - 0.5 for equivalence ratios below 1.5. However, it was

found in reference 14 that b - 0.18 gave the best correlation for new data on rod-

stabilized city gas - air flsmes, and that, for lean hydrogen-air flames and for

propane and city gas flames in certain ranges of velocity and concentration, b is

negative.

Axially mounted cylinders and cones in high-velocity streams (200 to 900 ft/sec)

near the open end of a 6-inch pipe were used in reference 151 in which a correlation

was observed with diameter for b u 1.0, when a high-boiling mixture of paraffins

and naphthenes was used. DeZubay (refs. 16 and 17) used disks mounted with the

diameter normal to the flow in a cylindrical duct. He obtained a cozrelation with

b u 1.0 for naphtha, 0.85 for propane, and 0.74 for hydrogen. DeZubay pointed out

that, in the case of reference 13 (and the same comment would apply to refs. 6 and

18)i the projected flame-holder area was proportional to the characteristic dimension

d*# because in all cases the flame holder extended across a duct of fixed width. On

the other hand, for DeZubay's data (or those of ref. 15), the projected area is pro-

portional to the diameter squared. Hence, all the correlations except those recently

reported in reference 14 are close to Uavjb/A1/2.__ These and other empirical corre-

lations (refs. 6, 7, i_, and 15 to 19) involving the characteristic dimension d*

are summarized in table VI-I.

On the other hand, Barr_re and Mestre (ref. 20) recently showed a lack of

correlation with characteristic dimension, because, for a cylinder, a 90 ° gutter#

and a flat plate, each having a projected width of 5 millimeters, three different

sets of velocity-concentration curves were obtained. Gerstein (ref. 20) suggests

that for greater generality the correlating parameter should account for differences

in flow about obstacles of different shapes. The dimension sought may be, for

example, the lateral width of the vortex formed behind the obstacle. In cold flow,

a cylinder with a projected width of 0.75 inch has a vortex width of 1.09 inches 3

whereas a flat plate of the same projected width produces a vortex 1.30 inches wide

under the same flow conditions (ref. 21). The use of these relative vortex widths

would bring the data of reference 20 for the cylinder and the flat plate together.

Unfortunately, such agreement based on cold-flow vortex widths may be fortuitous,

because the flame does influence the flow (ref. 22). (Reference 13 reports the

stability limits for a given size flame holder to be unaffected by chamber width for

ratios of simulated chamber width to stabilizer characteristic dimensions from l0

to 79.) In general# then, the velocity-concentratlon limits for open burner flames,

or for open flames supported at the end of axially mounted wires# may be correlated

by the critical boundary velocity gradient. For confined flames supported on flame

holders_ an empirical correlation of the type

Uav,JA c " /(') (ll)

o
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may be applicable, where c is of the order of 1/2; for greater generality, a func-

tion of some length or area associated with the flow about the obstacle might be

used in place of AI/2.

Turbulence. - It has already been noted that blow-off data for open flames on

tubes of various diameters are correlated by a single curve of critical boundary

velocity gradient against fuel concentration for both laminar and turbulent flow.

Turbulent flash-back is not ordinarily encountered in laboratory experiments3 but2

with very-high-velocity flames (e.g., H2-O 2 flames, ref. 25) in large-diameter tubes 3

or at increased pressure, it may occur (ref. 12). The gfb for turbulent flames is

always greater than that for a laminar flame of the same mixture, because the laminar

boundary layer at the wall within which stabilization must occur becomes smaller.

Scurlock (ref. 15) produced known turbulence in the approach stream of confined

flames by means of screens. As the intensity of turbulence was increased, blow-off

velocities decreased (fig. VI-12). The effect of turbulence of given scale and

intensity decreased with increase in the ratio of flame-holder diameter to turbulence

scale. Contradictory results are reported in reference 19, which states that placing
a flame holder farther from the source of turbulence (closer to the combustion-

chamber exit), where the intensity and frequency of turbulence are smaller, decreased

the stability limits.

Boundary-layer thickness. - In reference 243 the thickness of the boundary

layer on a flame holder was varied by removing part of the layer by suction through

grooves in the flame holder. It was reported that both the data of reference 24 and
other data show no effect on blow-off velocity as long as both the approach flow

and the boundary layer are laminar. If the approach stream is turbulent 3 a thin

boundary layer may be penetrated to favor blow-off. When the boundary layer itself

is turbulent, blow-off is accelerated in the same manner as it is promoted by up-

stream turbulence I but the effect may be more severe because of the absence of the

laminar buffer layer between the combustible mixture and the recirculation zone. An

increase in the flame-wedge angle at the farthest upstream point of flame holding

increased the flame-holding ability. In reference 73 the effect of boundary-layer

r_moval from the flame holder (approxi_tely i percent of the total flow) was

studied_ it was found that flame heights were drastically reduced and blow-off

velocities were halved.

Reference 25 reports that# for stream velocities of 80 to 180 feet per second 3

the theoretically complete removal of the boundary layer markedly decreased the blow-

off velocity of a fuel-lean flame and slightly decreased the blow-off velocity of a

fuel-rich flame. It was also observed that blowing air into the boundary layer

decreased the stability of lean flames and increased the stability of rich flames.

A stable pilot was obtained by blowing propane into the boundary layer, even when
the mainstream fuel concentration was zero.

In summary, boundary-layer removal has no effect when both the approach flow

and the boundary layer are laminar_ when the laminar boundary layer becomes very

thin because of approach-stream tnrbulence# or when the boundary layer itself becomes

turbulent, its removal reduces stability. Lean flames are affected more than rich
flames.

Electric fields. - Reference 26 reports that longitudinal electric fields,

either alternating current at 400 cps or direct current with the positive electrode

in the burned gas, approximately doubled the blow-off velocity of a given propane-

air burner flame as the voltage was increased from zero to ZO00 volts. The rate of

increase of the blow-off limits decreased rapidly after 2000 volts.
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Reference27 confirmsthe precedinglongitudinal direct-current f_eld results
in a studywith butane-alr flames. In the apparatusof reference27, the downstream
electrodewasa platinumring aroundthe outer tube or skirt of a split-flame burner,
andtherefore the blow-off curvesobtainedweretypical of confinedflames. The
inner flameconewassubjectedto a direct-current field of zero to 18,000volts,
whichcauseda current throughthe flameof zero to i00 microamperes.Further re-
sults obtainedfor a positive field (positive downstreamelectrode) wereas follows:
(i) Concentrationlimits couldbe widenedZ00percent, (2) deadspacecouldbe
reduced70percent#and(3) flamepressurecouldbemorethan doubled. Whenthe
downstreamelectrodewasmadenegativeandthe direct-current voltage wasIncreased,
it wasfoundthat (!) concentrationlimits narrowedat low voltagesI but the same
wideningobtainedwith positive fields wasobtainedat the higher voltages_(2)
velocity limits increasedin an erratic manner;(5) deadspacepassedthrougha max-
imum(at highest voltagesthe flamevibrated rapidly andthenbecame"derby" shaped)_
and(4) flamepressuredecreasedandthen increasedwith increasing voltage.

With a transverseelectric field of 15_000volts, the concentrationlimits were
narrowedby 43percentwith a flow rate of 61 cubic centimetersper second3 regard-
less of whetheror not the flamewasdeprivedof secondaryair by using a quartz
mantle(ref. 28). As statedpreviously_the inner coneandthe flow lines inside
the conewerestrongly deflected towardthe negativeelectrode. Theaddition of
alkali salts hadlittle effect on the deflection of the flow lines.

Acoustical disturbances. - Reference 26 reports that strong acoustical disturb-

ances decrease the blow-off stability limits of propane-air flames. In certain cases#

an increase in sound intensity caused a seated burner flame to lift above the port 3

but when the sound intensity was again decreased, the flame blew out. The eddy motion

in the emerging gas Jet caused by the sound had stabilized the flame.

0J

O

Pressure and Temperature Variation

Pressure. - Reference 29 has already been mentioned with regard to flame veloc-

ity. The data are actually presented on what might be considered stability diagrams

for velocity-pressure limits for stoichlometric acetylene-oxygen and propane-oxygen

flames. For a given mixture 3 a different velocity-pressure curve for each burner

nozzle diameter was obtained, as shown in figure VI-13 for propane-alr flames. Each

of these curves consists of a blow-off branch to the upper left and a flash-back

branch to the right. The lower part of each curve 3 which has a negative slope and

connects the blow-off and flash-back portions_ represents the extinction limit where

the flame dies out because of its inability to supply enough heat or active radicals

to a sufficient volume of gas to continue the propagation.

The curves of figure Vl-13 were obtained by varying pressure along a constant

volumetric flow line such as AB until either flash-back 3 blow-off 3 or extinction

occurred. The narrowing of the flash-back extinction neck in the curves at lower

velocities was more pronounced for acetylene-air flames. In this neck region, flat
flames were obtained, and the computed flame velocity dropped below the non-pressure-

dependent value obtained when this region was avoided. The minimum of each curve

represents a minimum propagation velocity for the mlxture_ which apparently is not

greatly affected by pressure or tube diameter. The limiting pressure for combustion

of a given mixture at a given velocity was inversely proportional to tube diameter.

In other words 3 the blow-off extinction curves of figure VI-15 may be brought together

by plotting critical velocity against the product pd t (see also ref. 12). This Is

analogous to the use of the correlating parameter U/pd t for blow-off from spherical
ordisk-shaped flame holders (table VI-I).
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Reference 30 presents the extinction curve for stolchiometrlc propane-alr

flames burning from Bunsen tubes or from round-end rods mounted axially in tubes.

The extinction velocity was proportional to p-2. The length of the extinction

curve was increased by means of longitudinal electric fields, which displace blow-

off curves toward higher velocities as discussed previously. Reference 51 reports

that the critical velocity gradient for flash-back gfb increased pressure for

methane-air from 1/4 to 1 atmosphere, or gfb _ pO.6 to 0.8. This order of magnitude

of the pressure effect qualitatively agrees with the varying slope of the flash-back

curves of figure VI-13. Since the data of reference 31 showed flame velocity

UF _ p-0.24 for methane_ the penetration distance was approximately inversely pro-

portional to pressure. The critical velocity gradient for blow-off gb also in-
creased with pressure (ref. Zl). While the blow-off data were more erratic than

the flash-back data for methane, gb was approximately proportional to pressure for
both methane and butane in the range 1/4 to 1 atmosphere.

It has already been stated that the contradictory reports on the effect of

pressure on flame velocity may very probably be ascribed to apparatus effects. It

is equally likely that the results of studies of stability limits and structure of

open flames at various pressures are subject to unknown apparatus effects. Refer-

ence 15 reports that_ for cylindrical flame holders mounted axially near the end of

a 6-inch pipe, pressure changes between 1 and 3 atmospheres had little effect on

blow-off limits from large-diameter flame holders (2.87 in.). References 7 and 16

report blow-off results for smaller disks or spheres to be correlated by a parameter

including pressure in the denominator (table VI-I).

Mixture temperature. - The effects of initial mixture temperature on the flash-

back and blow-off limits of open flames of methane and air (ref. 9) and propane and

air (ref. i0) have been studied recently. In these studies, the burner rim tempera-
ture was not much different from the mixture temperature. The critical average

stream velocity for blow-off of propane-air flames (ref. i0) from a 15.6-millimeter

tube increased with approximately the square of the absolute temperature, whether
the stream flow was laminar or turbulent. The effect of temperature on the flash-

back velocity was an even more pronounced increase, so that there was a relative

decrease in the flow range for stable flames as shown by figure VI-14. Empirical

equations for maximum flash-back velocity and for turbulent blow-off velocity at the

same equivalence ratio, 1.12# which was also close to the equivalence ratio for max-

imum flame velocity (ref. i0), took the same form as empirical maximum flame veloc-

ity equations. For the temperature range 306 ° to 617 ° K, these were:

For maximum flash-back velocity 3

Uav _ i00 + 1.15x10 -9 T_ "2 (2)

For turbulent blow-off velocity 3

1.9
Uav _ 100 + 4.5x10 -3 To (13)

Neither critical boundary velocity gradient# critical mass flow_ nor critical stream-

flow Reynolds number entirely eliminated the effect of temperature on these stability

limits. Of these three parametersj the critical Reynolds number (using only one tube

diameter) most nearly eliminated the temperature effect, particularly for blow-off

llmit_ as shown in figure VI-15. The penetration distance decreased with temperature

for flash-back and increased for blow-off. A comparison of twice the penetration

distance Xp with reported values of the quenching distance between parallel plates

showed the ratio 2Xp/Xll_ to be 0.6 to 0.7. The suggestion was made that thisXII
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ratio was less than 1 because a minimum space was required for the occupancy of the

flame itself in traveling through a tube or between parallel plates. Approximately

the same value of 2Xp/Xll was observed in reference 3 (p. 285) for natural gas -

air flames at room conditions. The prediction of the effect of initial mixture tem-

perature on critical boundary velocity gradients is discussed in the theoretical

section hereinafter.

Other investigations have also reported critical average velocities to be pro-

portional to T o to a power equal to or greater than 1. It was found in reference

32 that Uav c( T o for flash-back of coke-oven gas flames when only the air was pre-

heated. This reference reports the temperature exponents to be 1.63 and 1.3 for

laminar and turbulent flash-back 3 respectively, of city gas - air flames. References

33 and 34 give Uav cc T o for blow-off of liquid-vapor-oxygen mixtures.

The effect of approach-stream temperature on blow-off from cylindrical flame

holders in two-dimensional ducts has been studied in references 6 and 18. The data,

which cover temperatures ranging from 610 ° to 960 ° R (339 ° to 533 ° K)# were corre-

lated reasonably well by plotting Uav/dOt "5 T 1"2 against equivalence ratio. The

temperature exponent was believed (ref. 6) to be representative of the effect of

temperature on flame velocity as shown by the data of reference 35. On the basis of

the larger temperature exponents reported from the majority of flame velocity inves-

tigations (table VI-I)_ the correlation is regarded as strictly empirical, particu-

larly since the penetration distance for open flames has been shown to vary with

temperature.

In general 3 then, stability limits for either open or confined flames are pro-

portion_l to initial temperature to some power greater than i, probably ~ 2 for

blow-off of open-burner flamesj >2 for flash-back of open flames, and -1.2 for

blow-off of rod-stabilized confined flames. Undoubtedly 3 the exponents vary with

concentration and fuel type and are influenced by such factors as wall temperature

and water vapor.

Liquid fuel. In references 33 and 34j the blow-off 3 flash-back, and lift

curves of open flames were determined for a variety of liquid fuels burning with air

or oxygen at initial mixture temperatures ranging from 125 ° to 535 ° F. Insufficient

heat was added to completely vaporize the fuel. The stability curves were quite

similar to those for completely gaseous systems# except for low T o and high concen-

trations when a large part of the fuel remained in the liquid state. For a given

lean mixture and given burner geometryj the blow-off velocity was proportional to

T o . Both ordinary burners (diam. approx. O.1 to 0.2 in.) and skirted (split-flame)

burners (sklrt diam. of order of 1 in.) were studied. With very rich mixtures,

lifted flames were stabilized near the skirt exit by a vortex flow of secondary air

when the skirt length beyond the burner exit was approximately 3 inches} with longer

sklrtsj the hot skirt itself stabilized the flame.

Reference 36 reports studies of the stability of rod-stabilized flames using

liquid fuel. It was found that flames could be supported in much leaner mixtures for

sprays than for gaseous mixtures. This was attributed to the fuel-concentrating

action of the stabilizer. Increasing the volatility of the fuel and decreasing the

drop size in the spray tended to shift the stability curves toward the rich side,

these changes tending to approach more closely the conditions for gaseous mixtures.

Vapor fuel concentration in the eddy region near the stabilizer may be higher

than that in the free stream when liquid spray injection is used. The vapor con-

centration in the eddy depends on the collection efficiency of drops from the free

stream onto the stabilizer and the heat transfer between the flame# the stabilizer#

Od
O
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and the liquid. Increased air velocity moved the lean and rich blow-out limit toward

the lean side for sprays, as contrasted to gaseous systems where the lean blow-out

limit moves to the rich side as velocity is increased and the rich blow-out moves

toward leaner fuel-air ratios. Stable combustion of sprays was possible at much

leaner fuel-air ratios than was possible with gaseous fuels. It was suggested (ref.

56) that flame extinction occurs in two ways: As the spray fuel-air ratio becomes

rich because of increasing the fuel flow, more of the liquid fuel reaching the flame

holder sloughs off without burning. The sensible heat carried by the liquid fuel

cools the flame holder and reduces the vapor concentration to a point where flame

can no longer be stabilized. As the spray fuel-air ratio becomes lean, less fuel

impinges on the flame holder and the flame-holder temperature rises. Ultimately,

the flame holder becomes dry and the flame-holder temperature rises sharply. At this

point, an insulating film of fuel vapor surrounds the flame holder, reducing the

heat transfer to the surrounding spray. Again, the rate of vaporization decreases

and the flame blows out.

Flame-holder temperature. - Reference 13 reports stability limits to be widened

considerably as flame-holder temperature is increased. This was confirmed in ref-

erence 37, in which, for lean mixtures, the mass alr-fuel ratio at blow-off was

linearly related to flame-holder temperature for velocities of 30 feet per second or

greater, but was independent of flame-holder temperature at velocities below 20 feet

per second. On the other hand, little change was observed (ref. 6) in the limits

for a flame holder that was allowed to seek its equilibrium temperature (various

mixture temperatures and velocities to 600 ft/sec) as compared with a water-cooled

flame holder. Flash-back and blow-off velocities for burner flames may also be

increased by heating the burner lip, thus decreasing the thermal gradient associated

with the penetration distance.

Increasing flame-holder temperature may have a deleterious effect on the sta-

bilization of flames supported by fuel sprays (ref. 36). In fact# the flame may

actually be extinguished by adding sufficient heat to the flame holder. While the

addition of heat to the stabilizer may assist vaporization for small heat additions,

ultimately, sufficient heat may be added to produce either a too-rlch region near

the stabilizer or a fiLm of vapor fuel which, as for lean blow-out, reduces heat

transfer from the stabilizer to the liquid fuel.

Chemical Variables

Fuel type. - It was observed in reference i that curves of critical boundary

velocity gradients gb against percent of stoichiometric oxidant concentration were

nearly the same for propane, butane, and Pittsburgh natural gas (largely methane).

However, gases with higher flame velocities - Newark city gas, hydrogen 3 and

acetylene-oxygen - showed much higher values of gb, and therefore penetration dis-

tances were smaller; for example, hydrogen had a penetration distance of 0.00033

centimeter compared with 0.076 centimeter for propane, both fuels burning with 130

percent of stoichiometric air. In other words, the quenching effect of the wall is

much smaller for the higher-velocity flames. Since the gb curves on semilog paper

were nearly linear 3 reference 1 suggests the empirical equation

gb " a lo-kq/lO0 (14)

where q is percent of stolchiometrlc oxidant (volume basis) and a and k are

constants that must be determined for each fuel gas. A similar effect for flames

held on dlsks in a circular duct was point out by DeZubay (ref. 17). He noted that

the exponent b in the blow-off parameter U/d @b decreased as molecular weight

decreased from naphtha to propane to hydrogen, but this is also the order of

increasing flame velocity.
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Additives and fuel blending. - Reference 38 reports studies of the stability

of mixed fuels with vortex burners having (i) radial fuel injection from the axis,

or (2) radial fuel injection from the periphery. In each type, the mixing of fuel

and air occurred in the burner with tangential air admission. Mixing was rapid and

uniform. The flame was seated in a divergent nozzle at the open end of the burner

(pressure-recovery section). These vortex burners are reported to be useful for

studying flame stability of both slow- and fast-burning mixtures with a single bm'ner.

The following mlxln6 equation was found to apply for a common blow-off velocity

(to be exact, a hold velocity 3 which is one flow increment less than the blow-off

velocity) as well as for a common flame velocity for all studies of binary hydro-

carbon mixtures (e.g. 3 propane-propane and propane-ethane):

xj/x : 1 (15)

where

xj

xj

mole fraction of jth fuel in multifuel mixture with air which has a given

blow-off limit

mole fraction of jth fuel in binary mixture of J with air which has the same

blow-off limit

It was concluded that the combustion mechanisms for the various hydrocarbons must

therefore be compatible and that all hydrocarbons burn according to the same

mechanism for the initla! 3 rate-determining steps.

Propane-hydrogen (refs. 38 and 39) and methane-hydrogen (ref. 40) were also

investigated. A simple linear mixing rule such as

K - XIKi (16)
J

cannot be used to determine stability limits of these binary mixtures of hydrocarbons

with hydrogen 3 but equation (L S) can be used to determine blow-off limits for lean

hydrocarbon-hydrogen mixtures (ref. 38). A significant result of the studies is that

a small addition of hydrogen to a hydrocarbon, particularly for rich over-all mix-

tures, widens the stability range because the blow-off velocity increases much faster

than the flash-back velocity (refs. 39 and 40).

References 40 to 42 also report studies of mixtures of methane, propane, or

hydrogen with carbon monoxide. For the hydrocarbon - carbon monoxide mixtures, the

critical velocities or velocity gradients for flash-back or blow-off pass through a

maximum for low hydrocarbon - carbon monoxide ratios for a given over-all equivalence

ratio. It appears that these ratios for maximum limits are such that the equivalence

ratio with respect to the hydrocarbon is of the same order as that with respect to

carbon monoxide. With hydrogen - carbon monoxide or hydrocarbon-hydrogen mixtures,

such maximums do not occur. While the simple linear mixing rule (eq. (16)) does not

apply for averaging critical boundary velocity gradients of single gases to obtain

critical gradients of binary mixtures 3 it does work reasonably well when binary

mixtures such as CO + CH 4 and H z + CH 4 are combined to determine the critical

boundary velocity gradient of the ternary mixture C0 + H 2 + CH 4.

Hydrogen sulfide decreases the flame stability of hydrocarbons Just as it

decreases the flame velocity, and the extent of the decrease becomes greater as the

over-all equivalence ratio is increased. However 3 lean mixtures of H2-H2S follow

equation (15) (ref. 38). Equation (15) was also tested for isobutane-ethene mixtures

N
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deprived of secondary air (ref. 4). It was found to apply for lean mixtures, but

tile _r.dicat_d summation wac less than I for rich mixtures.

Water vapor. - The addition of 2.5 percent water vapor to the primary air de-

creased the blow-off; lift 3 and drop-back limits of butane flames (ref. 43). The

blow-off velocities of rich mixtures decreased approximately 5 percent and the blow-

off velocities for lean mixtures decreased by l0 to 50 percent. The addition of

water vapor to the secondary air had less effect, although some decrease was noted

at higher concentrations and velocities. Similarly, the addition of water vapor to

the primary air decreased the flash-back and blow-off velocities of methane flames,

but the water content of the secondary air had little effect (ref. 41). For carbon

monoxide flames, water in either the primary or the secondary air increased the

blow-off velocity, but the flash-back velocity gradient was not affected by water in

the secondary air, as would be expected (ref. 41).

Diluent concentration. - The effect of diluent concentration is presented in

terms of the volumetric ratio @ -- 02/(02 + N2) by Lewis and yon Elbe (ref. Z, pp.

299-302) for methane- and propane-oxygen-nitrogen mixtures. As _ increases from

0.21 (air) to 1.0 for CI14-02-N2 mixtures, both flash-back and blo_-off velocity gra-

dients increase approxLm_tely a hundredfold for concentrations ne_zr stolchlometric

and a thousandfold for lean flames. The values of gb increase somewhat more than

those of gfb, so that a slight widening of the stability range results. It might be

noted that the corresponding maximum flame velocity increase is only of the order of

i0 (fig. IV-I5), so that penetration distance near stoichiometric decreases by a

factor of the order of i0.

THERMAL THEORIES OF FLAME STABILIZATION

Burner Flames - Critical Boundary Velocity Gradients

Lewis and yon Elbe (ref. 3, pp. 579-390 and 425-429) have obtained approximate

theoretical equations by which gfb and gb may be calculated if flame velocities

and minimum ignition energies are known. These equations were obtained by consider-

ing the flow line for which the stream velocity and flame velocity are equal and

integrating the energy equation for a plane combustion wave. To accomplish the inte-

gration for the reaction zone, this zone was subdivided into an adiabatic and an

isothermal zone, and it was assumed that dT/dx - (TF - T3)/(x F - xd) for the adia-

batic zone. Ignition-energy data were used to determine the inflection-point temper-

ature T 3. Agreement between calculated and experimental gb curves for methane-air

at room conditions was satisfactory with regard to the curve shape_ but calculated

values were low by a factor of 2 to i0. Calculated flash-back and quenching limits

for propane-air did not even show the correct trends in all cases.

More recently, satisfactory rel'ative predictions of critical boundary velocity

gradients at various initial mixture temperatures T o were obtained for methane-air

flames by solving equation (i0) for g (ref. 9):

uF (17)
g " Xp

It was assumed that

TF - T 3
(18)

UF_ T F - T O
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from the _._ll:_d-LeCh:_tel]e_- equation (see ch. IV, eq. (38)), where TF is the

calculated adiabatic flame temperature and T3 is the ignition temperature for the

flame reaction zone. (In oh. IV, the factor _/Cp5 was assumed to be independent

of temperature.) It was further assumed that, for flash-back,

xp,fb_ T3 - To (19)

and for blow-off,

 p,b To3/4 (20)

where DO is the diffusion coefficient for secondary air diffusing Into unburned gas

at To • Assuming T5 to be independent of To# the value of T 3 was calculated
for every palr of experimentally determined gradients for a given fuel-air mixture at

two temperatures by

gl /(UF) l! (_-) i

_. /(UF)2/(Xp_2 (21)

and equations (18) and (19) or (20). This procedure gave an equation for T3 that

was cubic for flash-back or quadratic for blow-off. The values of T 3 (largest of
the real roots) from various pairs of gradients were averaged, and the average value

was used to compute gradients for the temperature range studied.

An approach that avoids the necessity of determining T3 and that takes lnto
account approximately the variations in thermal properties and reaction rate (which

in turn is related to the reaction-zone thickness 5) Is suggested in reference I0.

This approach employs the modified form of the Semenov equation (blmolecular reaction)

for flame velocity (oh. IV):

UF=_To2TF4.9 exp(-E/RTF)
(TF - To)3

(z2)

For flash-back it is assumed that

_p,Zb" (TF - To) (2S)

The latter assumption Is In keeping with the Semenov approach for flame velocity,

because Semenov assumed that T3 was always near TF and varied wlth TF because

of the exponential variation of the reaction rate with temperature. Equations (22)

and (25) can be substituted for UF and Xp,fb In equation (21) by using activation

energies from low-temperature oxidation studies in the literature. Thls substitution

permits direct solution for the ratio of any two values of gfb" It might be argued
that the use of activation energies from low-temperature oxidation studies is subject

to question, but such activation energies have been used successfully for flame ve-
locity predictions (oh. IV) and must suffice until more appropriate values are

measured.

Crltlcal boundary velocity gradients for flash-back (referred to the gradient

at 306 ° K) have been calculated from the data of reference l0 using 38 kllocalorles

per mole for E for propane and adiabatic flame temperatures as follows:

04
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C_
0

_0

Initial temperature,

oK

3O6

422

506

617

Critical boundary velocity gradient

for flash-back, sec -1

Calculated Measured

.... 680

iZO0 1190

1720 I 1710

2620 1 5500

Equation (20) for the penetration distance for blow-off may be oversimplified

even for fuel-lean flames, because it neglects the role of wall-quenching and assumes

that secondary-alr diffusion occurs at T o only. Actually, the secondary air must

either travel through the dead space, where the temperature w_ies from T O to some

value near TF, or through the burned gas (fig. VI-8(b)). Since TF, for many fuel-

air mixtures, increases approximately 1/2 ° for each OK that T o is increased, it

follows that any temperature between T o and T F increases less rapidly than To,

so that it might be more reasonable to assume that the square root of the diffusion

coefficient varies with Tol/4. Hence_ taking the effect of wall quenching into

account in the same manner as flash-back,

Xp, b _ T O I/4(T F - To) (24)

In spite of these arguments, however, equation (20) gave somewhat better results for

propane-alr at an equivalence ratio of 1.12 (ref. i0)3 as can be seen from the

following table:

Initial temperature,

OK

306

422

506

617

Critical boundary velocity gradient for blow-off, sec -I

Eqs. (20) to (22) Eqs. (21), (22), and (24)

6,500

8_900

15,000

5,400

63600

8,400

Measured

4,000

53500

7,500

10,400

In summary, either the method of reference 9 or the method suggested in refer-

ence iC appears to give satisfactory predictions of the effect of temperature on

critical boundary velocity gradients, but the latter method is less tedious and some-

what more desirable theoretically because it uses the Semenov approach with regard to

ignition temperature.

Flames Supported on Flame Holders - Eddy Stabilization

Reference 13 suggests that# on a thermal basis alone, the quantity of energy

required from the stabilizer would be increased by (i) increasing the approach-stream

velocity Uo, (2) increasing the difference between the ignition temperature and the

approach-stream temperature T B - To, (5) increasing the thickness of the preignition

zone, or (4) increasing the heat capacity per unit volume. If, as in the early ther-

mal theories, the thickness of the preignltion zone is assumed proportional to the

thermal diffuslvlty _/OCp divided by the laminar flame velocity, then the required

heat-supply rate can be written as

UoX

_-- (T3 - To) (25)
Hreq UF, L
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At blow-off_ the heat required is infinitesimally greater than the heat

supplied from the sheltered zonej which is given by

[/dUo \c ]

Es . dr(T F - To) (26)

where c is a constant and where the bracketed term includes the factors affecting

the heat-transfer coefficient from heated cylinders. In the two-dimensional duct,

the area for heat transfer is proportional to the rod diameter dr • Equating Hre q

and Hs, a relation of the form

uJ - I(,)

is obtained, where the new exponent b on the rod diameter replaces c/(l - c).

This type of correlation is demonstrated in table VI-I.

In reference 443 a quantitative relation was obtained by considering the re-
circulation zone behind a flame holder to be a steady-state reactor of volume V.

If a homogeneous unburned gas mixture of fuel-alr mass ratio f enters this volume

at a rate such that the air mass-flow rate is Wa (in g/sec), and a fraction z of

the entering fuel is burned within the volume, then the fuel burned is Ware. This

quantity must be equal to the fuel consumed by chemical reaction. Reference 44
states that a second-order reaction is required to account for the observed effect

of pressure (stability correlates with p-l, table VI-I). The actual ratio-limiti_

reactions are unknownj but their concentrations can be assumed proportional to the

mass air and fuel concentrations C a and Cf, respectively. The collision factor

Z combines the collision number, the steric factor, and the concentration propor-

tionality constants. Thus, the material balance can be written

Waf - VCaCfZ exp(-E/RT) (z8)

Now Ca and Cf can be related to the initial fuel concentration and the initial

temperature through f and g_ with the appropriate substitutions_ equation (28)
can be written as

Wa__ . Z exp(-E/RT) (l-Z)(l-,7) (29)

Vp2 T 2 z¢

where

T adiabatic flame temperature corresponding to fraction burned

fraction of stoichiometric fuel concentration if mixture is lean, unity if

mixture is rich

, (m'/M + R/29)2

M molecular weight of fuel

If W_Vp 2 from equation (29) is plotted against 6, curves such as those sketched

in figure VI-16 are obtained for various concentrations using a given activation

energy. (The equation is actually trlple-valued in part 2 but only the values indi-

cated by the solid curves are of practical interest.) A blow-out curve of WJVp 2

against concentration can be obtained by cross-plotting the maximum of such curves



NACARME54107 VI-19

C_
CD

cO

against concentration; the maximum could be obtained directly by setting the deriva-

tion cf equation (29) equal to zero, solving for 8 and by trial and error, and

substituting values of g and T into equation (29) to obtain values of WJVp 2.

The air mass flow W a into the recirculatlon zone is proportional to the

velocity U, to the stream density, which in turn is proportional to the static pres.

sure p, and to some function of the diameter d. The zone volume V depends

almost entirely on some function of d. Hence 3

Wa U (30)

Vp 2 dbp

which has the same form as the correlating factor used by DeZubay and others if

b - 0.85 or some such value (table VI-I). From DeZubay's data, Z was estimated to

be 4×1012 cubic centimeters per gram mole (ref. 16) for E of 40 kilocalorles per

gram mole. These values are reasonable and are comparable with those obtained from
classical kinetics. For a stoichlometric mixture, these values give a maximum value

of WJVp 2 of 40 g/(sec)(cmS)(atm2)3 which corresponds to • m 0.72 and a heat-

release rate of 190 calories per cubic centimeter per second, or 77 million Btu per

cubic foot per hour. These data are used in reference IS to calculate a flame-front

thickness of 0.022 centimeter. It is stated that 3 since a reported value of the

flame-front thickness of a propane flame is 0.05 centimeter 3 or more than twice as

great as the calculated value of reference 153 the flame fronts in the recirculation
zone must overlap. Thus, a state of homogeneity would be approached, or, in other

words, the calculated results are not inconsistent with the original assumption of

homogeneity. The general conclusion is that under certain conditions combustion

appears to proceed homogeneously as a second-order chemical reaction. The gross
features of flame stabilization behind flame holders in high-velocity air streams

are explained by this hypothesis.

NONISOTROPIC FLAMES

Stationary open flames were long considered evidence that the laminar combus-

tion wave is dynamically stable. Analyses of flame propagation (oh. IV) customarily

start with the assumption of a steady-state, one-dimensional flame front. Many

investigators had occasionally observed nonisotropic flames, usually in the form of

polyhedral open flames, in which the ordinarily smooth cone breaks up into several

(usually three to eight) petal-llke sides3 convex toward the unburned gas and sep-

arated by dark ridges. These polyhedrons could be made to remain stationary or to

rotate at variable speeds3 depending on composition and flow rate. However, the

appearance of such flames was generally considered an abnormal phenomenon. The

reasons and conditions for such instabilities received little attention before the

recent studies of cellular or filamented flames in tubes (refs. 48 to 47) and studies

of polyhedral open flames (refs. 52j 45 to 483 SO, and 51). Nonisotropic propagation
has also been observed with spherical flames (ref. 52).

Cell Formation angl Surface Break-up of Open Flames

Reference 48 reports that very lean hydrogen-air or H2-02-C02 flames burning on

a i.56-centimeter nozzle separated into several filaments that rose from the burner

rim an_ failed to combine into a closed cone tap. The number of filaments increased

(or conversely 3 the size of the filaments decreased) with O2/C02 ratio# with fraction

of stoichiometric volume percent fuel (between 0.05 and O.28 s depending on the
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absence or presence of COg), and with flow rate (fig. Vl-17). The use of a 3.08-

centimeter glass filter (sintered glass) as a burner enabled smaller, more clearly

defined, parabloid-shaped filaments to be obtained, which were evenly distributed

over the filter surface. No effect of filter porosity was observed. Nonisotropic

structure was also observed in lean methane-plus-hydrogen flames and rich flames of

various hydrocarbons. The manner of soot formation in rich, polyhedral flames of

Lydrocurbon-air mixtures was particularly noted; with benzene, carbon issued from

the flame exclusively as a narrow stream at the tip, whereas with acetylene, it

appeared in a luminous region that surrounded the cone uniformly 3 except for a dark

region at the tip and a cup-shaped region of increased luminosity rising from the

rim. Rich, polyhedral flames of other hydrocarbons (e.g., butane, heptane) exhibited

intermediate behavior; oxygen-enrlchment shifted the behavior of some of these toward

the benzene type.

In reference 50, regions of polyhedral flames were mapped on flow rate - pres-

sure diagrams for various rich propane- and butane-alr mixtures and lean hydrogen-

,_ir mixtures. A typical diagram for a propane-air mixture is shown in fig_-e VI-18.

At constant pressure and composition within the region for polyhedral flames, the

::_mbe_" of polyhedron sides increased with increasing flow i-ate. Upon tLe addition

of i to 7 percent hydrogen, which by itself onl_ _ exhibits instabilltls_ in lean

mixt[_es, to rich propane-alr air mixtures, the over-all equivalence ratios :_t

which polyhedral fla/n_s occur were reduced, other conditions being fixed. Adding

Lydrogen to rich carbon monoxide - air mixtures, which would otherwise exhlblt

no polyhedral flames at any composition, also produced polyhedral flames.

The most generally _ccepted explanation of nonlsotropic structm-e in rich open

flames of hydrocarbons and of soot formation at the tip is the preferential diffusion

of the oxygen molecules, which are lighter than the fuel molecules, to the valleys,

where the propagation is faster. In lean hydrogen or hydrogen-methane flames, the

fuel becomes the lighter component and diffuses preferentially. ID either case, it

is the diffusion of combustion products into the unburned gas that sets up the con-

centration gradients leading to this preferential diffusion. Some investigators

also believe in the necessity of the presence of hydrogen (refs. 48 and 50), and

Behrens (ref. 48) points to the role of thermal diffusion in producing the observed

soot filaments. Marksteln (ref. 45) used a different attack - an aerodynamic treat-

ment into which he incorporated the assumption that all transport phenomena could be

described to a first approximation by a linear relation between flame velocity and

reciprocal radius of curvature of the flame front. This aerodynamic treatment

included the effect of gravity. It appears that the diffusion-kinetlcs against

aerodynamic-instability question is yet unresolved.

e4

Cellular Flames in Tubes

Nonisotropic structure of flame propagating through tubes was particularly

evident in flammabillty-llmlt studies (ref. 4B and oh. III). Markstein (refs. 45 to

47) has made more definitive studies insofar as cell diameter do, molecular weight

of fuel, and pressure effects are concerned by studying near-stolchiometrlc flames

traveling downward through larger tubes (lO-cm diam.) at low velocities. The low

spatial velocities were obtained by reducing the flame velocity through the addition

of .nitrogen and letting tne flame travel against a small, unburned gas flow. For

hydrocarbons in the molecular weight range 42 to 114, dc_ M-I/3. For _-butane-alr-

nitrogen mixtures at pressures from 1/3 to 1 atmosphere, d c _ M-3/4. Both of these

effects were determined for equivalence ratios between 1.2 and 1.4.

Contrary to the results of reference 50, Markstein found that the addition of

hydrogen to rich mixtures of higher hydrocarbons suppressed cell structure I whereas

addition to lean mixtures gave ncnicotroplc structure with small cell sizes. He also



NACARMES4107 VI-21

observedthat a 90percentcarbonmonoxide- i0 percentbutanefuel, burning rich,
gavethe smnestructure as butane. Reference47presentsthe relation betweenflame
structure andvibratory movementwith rich methane-n-butane-alr-nltrogenmixtures.
In this study, it wasfoundthat, for a given equivalenceratio_ averagecell size
increasedwith methaneconcentrationuntil a noncellul_ structure was reached. Dis-

cussion of oscillatory combustion may be found in chapter VIII.

t_
0
-4
rO

SIGNIFICANCE OF F_ STABILIZATION TO JET-ENGINE COMBUSTION

High-output combustors require the stabilization of flame at velocites of sev-

eral hundred feet per second. In the past decade, ram-jet engine performance has

been boosted dramatically at ever-lncreasing inlet-air velocities, but many of the

gains were accomplished by cut-and-try methods. In order to understand the inter-

action of flame and flow by which flame stabilization is accomplished, it is helpful

not only to study small-scale ram-jet-type combustion chambers, but also to analyze

open or confined flames on Bunsen-type burners. These burner experiments, which

allow more rigid control and separation of operating variables, add to the basic

understeunding of such factors as wall quenching and secondary-air dilution. The

experimental results reviewed in this chapter, together with some of the major

theoretical concepts emphasized in recent years, are summarized in the following

paragraphs.

For open flames burning above channels of simple geometric shape, including

cylindrical tubes containing axially mounted rods, blow-off or flash-back limits for

various lengths of the characteristic dimension of a given type of channel are cor-

related by means of the critical boundary velocity gradient, that is, the linear

velocity gr_lent near the flame-holding solid surface or the stream boundary. For

confined flames supported on flame holders, the stabilization process is dependent

on a recirculation zone behind the flame holder9 and, since the size of the recir-

culation zone is related to a characteristic dimension of the flame holder, the

concentratlon-velocity limits are also related to flame-holder dimensions. From

experimental results in the literature (and from theoretical considerations mentioned

hereinafter), it appears that a quantity such as _iv,b/A c _g_inst _ ccnce:trmtlon

parameter may correlate blow-off limit data, where A is the projected area of the

flame holder and c is an exponent of the order of 1/2. For greater generallty_ a

r_re direct function of the recirculation-zone size silould be used instead of A c,

because obstacles of different shapes are known to produce vortices of different

sizes.

The use of the vortex size rather than the obstacle size may also correct for

effects that occur when the size of the obstacles is no longer small compared with

the duct size. As the size of the obstacle is increased, a point is reached at which

the vortex size begins to decrease9 as the obstacle size approaches the duct size,

the vortex may be considerably smaller than the obstacle, and reduced stability may

result. Thus, the previous expression applies only for small stabilizers in large

ducts as long as A refers to obstacle dimensions. The use of obstacles that block

an appreciable fraction of the duct cross section (greater than 60 percent) may also

be undesirable from other considerations. The pressure drop would, of course, be

high, and the unburned gas velocities past the flame holder would be high. The

latter effect would make flame-spreading from the sheltered zone difficult, and only

a small fraction of the mixture near the flame holder would burn. In a practical

design, the use of small flame holders located at various places within the duct

might alleviate both the reduction in eddy size and the flame-propagatlon problem.

k_plrical correlations based on characteristic dimensions of flame holders are

summarized in table VI-I.
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For openflames_blow-off limits underconditionswherethere is turbulencein
the approachstreamare correlatedwith nonturbulentlimits by the critical boundary
velocity gradient, becausein all casesthe point of stabilization occurswithin the
larlnar boundarylayer. Contradictoryresults are reportedon the effect of approach-
streamturbulenceonblow-off of confinedflamesfromflameholders. Whenturbulence
intensity wasincreasedby meansof various screens,a stability decreaseresulted,
but s_notherinvestigation reportedthat the stability limits decreasedwhenturbu-
lenceintensity wasdecreasedby movingthe flameholderdownstream.Partial removal
of a laminarboundarylayer haslittle effect onblow-off from fl_e holders, unless
the approachflow is soturbulent that the laminarsub-layeris very thin. Lean
flamesare affected by boundary-layerremovalmorethan rich flames. Blowinga
gaseousfuel into the boundarylayer throughslots in a flameholdermayprovide
goodpilot flames.

A 2000-volt axial electric field, either alternating current at 400cpsor
direct current with the positive electrodein the burnedgascandoublethe blow-off
velocity andtriple the stable concentrationrangefor burner flames. Onthe other
hand,a transversedirect-current field of 15,000volts decreasedconcentration
limits of butaneflamesby 45percent. Strongacousticaldisturbancesdecrease
stability (seealso oh. VIII).

For burner flames, the effect of pressure is related to tube diameter dt;

that is s Uav3JPdt is a function of concentration. An analogous situation is en-

countered with confined, supported flames9 for example, for disk-shaped flame

holders of diameter d, Uav,b/P0"gSd 0"85 was related to fuel-air ratio for propane

flames. This type of correlation is substantiated by theoretical considerations.

Scurlock arrived at the generality UavsJd b - /(concentration) by considering the

heat transferred between the eddy region behind the flame holder and the mainstream.

In reference L51 WJVp 2_ Uav3Jdbp _ /(concentration) was obtained s where W a is

the air mass flow entering the reclrculation zone behind the flame holder s and V

is the volume of that zone, which is considered to be a homogeneous, second-order

reaction zone. The J (concentration) results from considering the second-order

reaction and a certain fraction of the fuel within the zone being burned to produce

a certain adiabatic reaction temperature. (The initial mixture temperature could

also be included through its effect on this reactlon-zone temperature.)

The blow-off velocity of open fl_c_s increases with approximately the square

of the absolute initial mixture temperature; the exact exponent varies with concen-

tration and fuel type and may be influenced by such factors as wall temperature and

water vapor. The flash-back velocity is even more temperature-dependent, so that a

decrease in relative stability range occurs as temperature is increased. The rela-

tive effect of temperature on critical boundary velocity gradients may be predicted

by considering the effects of temperature on flame velocity and penetration distance

(wall quenching and/or secondary-air dilution effect) on a thermal basis. Empirical

correlations indicate that blow-off from flame holders may depend on a lower power

of the initial mixture temperature; the parameter Uav,b/dl/2Tol'2-- correlated data

for a hydrocarbon blend. At this point s it might be noted that the effects of

flame-holder area s pressure, and temperature might be combined in a correlating

parameter such as Uav,JAaPTo m where c and m may be of the order of 0.5 and

1.3, respectively.

Liquld-vapor-alr mixtures obtained by partial vaporization of liquid fuels

generally gave Bunsen burner stability curves slm/lar to those for gaseous systems.

Blow-off limits can be increased appreciably by heating the flame holder; blow-off

and flash-back velocities of burner flames are also increased by heating the burner

c_
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rim. Therefore, a heated flame holder_ which might3 in turn, be used to preheat

fuel, would be _vantageous in a hlgh-speed engine.

The effect of fuel type on flame velocity was discussed in chapter IV; as

might be expected, the blow-off and flash-back velocity gradients are greater for

fuels with high flame velocities. Disk-stabilized, confined flames became less

dependent on the disk diameter for fuels of higher flame velocity. Blow-off veloc-

ities of mixed fuels generally follow the relation

J x_ " 1

where Xj is the mole fraction of the jth fuel in the total mixture having a certain
blow-off velocityj and X* is the mole fraction of the jth fuel in its binary mix-
ture with air that has th_ same blow-off velocity.

Added water vapor decreases stability velocities_ 2.5 percent water in the

primary air reduced the blow-off velocities of butane flames by approximately 5 per-
cent for lean mixtures and up to 30 percent for rich mixtures. Decreasing the

diluent concentration in a combustible mixture greatly increases blow-off and flash-

back velocities; for example_ the critical boundary velocity gradients for methane-

oxygen mixtures are two to three orders of magnitude greater than those for methane-
air mixtures. This indicates that oxygen-enrichment of the inlet air is another

method of obtaining very stable flames or pilot flames.

Also reviewed in this chapter were certain instability phenomena observed in

bench-scale equipment and, for the most part 3 with laminar flames. The break-up of

open laminar flames into cells or polyhedral shapes is believed by some investigators

to be diffusion-kinetics process_ while others treat it primarily as an aerodynamic

instability.

In final summary 3 most of the experimental results for the stability of burner

flames can be explained on the basis of the interaction between flame velocity and

flow velocity in terms of the critical boundary velocity gradient. For confined

flames_ stabilization occurs through the recirculation zone behind a flame holder
that is bluff or nonstreamlined on its downstream end. All the gross features of

this latter type of stabilization appear to be explained by an assumption that the
recircu]at_on zone behaves as a volume of homogeneous, second-order reaction.
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Figure VI-6. - Lifted turbulent burner flame (ref. S).
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CHAPTER Vll

DIFFUSION FLAMES

By Richard S. Brokaw and Melvin Gerstein

tO

INTRODUCTION

The previous chapters consider combustion occurring in systems in which the

fuel and air are homogeneously distributed. Chapter II discusses the preparation of

such mixtures. If the mixing occurs rapidly compared with the combustion reactions_

or well ahead of the flame zone, burning may be considered solely in terms of homo-

geneous processes. There are systems_ however, in which mixing is slow compared

with the reaction rates, so that the mixing time controls the burning rate. This is
true for so-called diffusion flames in which the fuel and oxidant come together in

a reaction zone through molecular and turbulent diffusion. The fuel may be in the

form of a gaseous Jet or a liquid surface_ the distinctive characteristic of a dif-

fusion flame is that the burning rate is determined by the rate at which the fuel

and oxidant are brought together in proper proportions for reaction. Between the
extremes in which the chemical reaction rate on the one hand and the mixing rate on

the other control the burning rate I there is the region in which the chemistry and

mixing have similar rates and must be considered together. This middle region has

received very little attention in fundamental studies because of its complexity, but

is considered in some of the practical systems discussed in subsequent chapters.

A

B

B'

C

Cp

D

d

G

g

h

i

Jo,Jl

SYMBOLS

The following symbols are used in this chapter:

constant

constant

transfer number

concentration

specific heat at constant pressure

diffusion coefficient

diemeter

mass flow per unit area

acceleration due to gravity

specific enthalpy

stoichiometric number of moles of oxygen per mole of fuel

Bessel functions of the first kind

K co_tant
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k

L

M

m

n

P

Pr

P

Q

R

R'

Re

r

T

t

U

%11

W

%4

X

X

x

Y

5

£

0

X

p

T

constant

height of plate

scale of turbulence

molecular weight

mass

exponent

total pressure

Prandtl number, Cpg/x

partial pressure

volume flow rate

universal gas constant

drop distribution parameter

Reynolds number

radial distance

temperature

time

velocity

intensity of turbulence

total mass flow

stoichiometric weight of oxygen per unit weight of fuel

mole fraction

distance from drop center

size constant

longitudinal distance

parameter

evaporation constant

half-thickness of port

eddy diffusivity

parameter

thermal conductivity

viscosity

density

concentration parameter

_At
0
.D
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Subscripts:

A drop surface

a air

B burning

C surrounding atmosphere

c combustion

F flame

f fuel

j Jet

L laminar

liquid

P products

s secondary flow

st stoichiometric

T turbulent

v vaporization

0 initial conditions

GASEOUB DIFFUSION FLAMES

Gaseous diffusion flames occur upon ignition of a Jet of fuel entering either

quiescent air or an air stream. The resulting flame emits heat and light and appears
to have a discrete reaction zonej the appearance ef which depends on the conditions

of burning. Gaseous diffusion flames are most commonly encountered in simple home

and industrial burners3 but may exist in any system where fuel and air are admitted

separately_ and where the mixing processes are slow compared with chemical reaction
rates. Typical ways in which the fuel and oxidant are cansed to interact are shown

in figure VII-1 (ref. l, p. 99). Most of the basic work on diffusion flames has
been done with the concentric tube arrangement (c), since it has the simplest geom-

etry. Arrangement (a) has been used for some spectroscopic studies of flames_ which
are discussed herein.

Al_pearance

The shape of a laminar flame burning from a Jet of fuel depends on the relative

quantity of air supplied. If an excess of air is present, the flame is a closed,

elongated figure. Such flames occur when a Jet of fuel is admitted into a large vol-

tune of quiescent air or when two laminar coaxial Jets are used 3 the inner containing

fuel and the outer containing an excess of air. If the air supply in the outer tube

is reduced below the stoichiometric proportions, a fan-shaped, underventilated flame

is produced.
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Under certain limiting flow conditions, the flame can assume a more complex

structure. Flame shapes obtained in ooncentric-tube hydrocarbon diffusion flames

(fig. Vll-l(c)) for various fuel and air flows are classified in reference 2. These

flame zones are illustrated in figure VII-2. Zone 1 indicates a normal s over-

ventilated diffusion flame and zone 2 indicates the underventilated flame. The

dotted llne separating zones 1 and 2 denotes the smoke point, smoke appearing as the

fuel flow is increased (see ch. IX). Zone 5 illustrates overventilated flames having

a meniscus shape without the yellow glow usually associated with diffusion flsmes.

The shaded areas are essentially zones of unstable flames. In the lower part of

zone 4, there appear flames that oscillate from side to side, called lambent flames

in reference 2, and in the upper part of zone 4, rich, tilted flames appear. In the

lower part of zone 5 are found toroidal-shaped flames I called vortex flames, and in

the upper part of zone 5, lean, tilted flames appear. In zone 6# the flame has

begun to move away from the burner base and corresponds to the lifted flames dis-

cussed in chapter VI.

If either the fuel flow or the air flow is made turbulent, a brushy, rough

flame results. At flows near the critical transition from laminar to turbulent,

only the upper portion of the flame is turbulent, the flame near the burner port

retaining the appearance of a laminar flame. Typical changes in the appearance of

a gaseous diffusion flame as the fuel-flow velocity is increased are shown in fig-

ure VII-3. The line separating the laminar portion of the flame from the turbulent

portion is called the break point. When the break point closely approaches the

nozzle, further increases in velocity have very little effect on either the total

flame height (measured from the burner port) or the break point# although the noise

intensity increases. The quantitative variation of flame height with flow velocity

is treated in a subsequent section.

o_

o

Structure

Unlike the flame of premixed gases, which has a very narrow reaction zone,

the diffusion flame has a wide region over which the composition of the gas changes.

These changes are principally due to the interdiffusion of reactants and products,

since the actual reaction apparently takes place rapidly in a narrow zone. The dif-

fusion flame is thus better suited for studies of the temperatures and concentration

profiles. Some of the results obtained for both laminar and turbulent flames are

discussed herein.

Laminar flames. - In reference 3, the distribution of combustion products in a

laminar diffusion flame was measured. A probe was placed along the axis of the

burner and gas ssmples at various heights were removed. The measurements for a

cylindrical carbon monoxide flame are shown in figure VII-4, in which the CO# C02,

and N 2 concentrations are shown as a function of height above the port.

Reference 4 reports measurements of H2, 02, and N 2 concentrations in a

hydrogen-alr diffusion flame at various heights and radial distances in the flame.

The results are shown in figure VII-5. The measurable 02 concentration shown in the

fuel side of the flame front is attributed to air entering the sampling tube because

of flame movement. The structure of the diffusion flame suggested from the analysis

is illustrated in figure VII-6, which may be considered generally typical for lami-

nar, gaseous diffusion flames. The figure shows the fuel gas concentration at the

burner center llne dropping to zero at the flame front, while the 02 rises from zero

at the flame front to its value in the ambient stream. The concentration of products

is a maximum at the flame front. The oxygen and fuel are considered to reach the

flame front in stoichiometric proportions and to react to form products instantane-

ously. In the most theoretical treatments, a simplified picture of the reaction has
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been assumed in which only one diffusing gas is considered. Instead of treating both

fuel and oxygen varying from their initial concentrations to zero at the flame front,

the fuel, for example, is treated as negative oxygen. In the case of the reaction

2H 2 + 02 _ 2H20 , each mole of hydrogen is equivalent to i/2 mole of oxygen. One of

the dashed curves in figure VII-6 represents the reflected fuel curve corrected for

the stoichiometric ratio. Thus, it is possible to consider only the diffusion of

oxygen from its initial concentration through zero at the flame front to the proper

negative value in the unburned fuel. In a similar manner, the other dashed curve
illustrates the condition in which the oxygen is considered in terms of its fuel

equivalent.

The actual flame is not as simple as the previous discussion may suggest,

since, in addition to the molecular species that have been studied by conventional

sampling and gas analysis 3 free atoms and radicals are present. A flat flame in an

apparatus similar to that shown in figure VII-l(a) was used in reference 5, in which

the distribution of various species in the flame was studied by a spectroscopic

method. In addition I a sodium llne reversal method was e_ployed to measure flame

temperature. The results are given for a H2-O 2 flame in figure VII-7(a). The tem-

perature profile is shown, in addition to a qualitative intensity distribution for

OH and 02 as determined by both emission and absorption spectroscopy. The relatively
flat temperature profile has a maximum of about 2800 ° C, which agrees closely with

calculated adiabatic flame temperatures for the stoichiometric reaction. A similar

set of curves for CH4-O 2 flames may be seen in figure VII-7(b) • In addition to OH

and 02, the C23 CH 3 and continuous emissio_a are shown. Similar curves are shown for

NHs-02 flames in reference 5# while additional curves for H2-02 and NHs-O 2 along with

C2H4-02 and C0-02 are given in reference 6. The general characteristics are similar.

Turbulent flames. - The distribution of reactants and products in a turbulent

diffusion flsme of H2-air is studied in reference 7. The situation is somevhat more

complex than in the laminar flame. Unfortunately, the results are influenced by the

confining duct, so that the curves can be applied only qualitatively to open flames.
The data are shown in figure VII-8 for various heights and radial positions. The

02 and H2 concentrations were measured, while the H20 concentration was calculated.

The general appearance of the H2 and 02 curves resembles that of a laminar flame,

although there is considerably more overlapping of the H2 and 02 in the vicinity of

the flame front. This result is consistent# however# with the oscillating nature of

the turbulent flame 3 which results in the apparent thickening of the reaction zone

when a time-average, rather than instantaneous 3 position is considered.

Theory

The theories of the burning of premixed fuel-oxidant systems discussed in

chapters IV and V consist essentially of analyses of the factors such as diffusion,

heat transfer, and reaction mechanisms as they affect the rate of the homogeneous

reaction taking place. "Homogeneous" is used in the sense that fuel and oxidant

molecules are intimately mixed in the unburned gas, although concentration and tem-

perature gradients exist in the reaction zone. Inasmuch as the primary mixing proc-

ess of fuel and oxidant appears to dominate the burning process in diffusion flames,

the theories emphasize the rates of mixing in deriving the characteristics of dif-

fusion flames. Since laminar and turbulent mixing processes are usually treated

differently# the theories of laminar and turbulent diffusion flames are also sep-
arated in the following discussion. 0nly those mixing processes directly Involved

in setting up the equations for the flame are considered 3 since the general subject

of mixing is treated in chapter II.
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Laminar flames. - The basic equations for the theoretical treatment of laminar,

gaseous diffusion flames to determine flame length and other properties were estab-
lished by Burke and Schumann in 1928 (ref. 5). Later work has extended the range of

the treatment. Burke and Schumann used an experimental model corresponding to fig-

ure VII-l(c), which is reproduced to aid in defining some of the terms:

Underventilated

flame

Air Fuel Air

0verventilated
flame

The basic assumptions which Burke and Schumann made in setting up the problem are

listed and discussed to facilitate reference to the assumptions. Additional assump-

tions to facilitate solutions of various equations are considered as they arise.

(i) At the port position, the velocities of the air and the fuel are assumed

constant, equalj and uniform across their respective tubes so that the molar ratio of

2 2fuel flow to air flow is given by rj/(r s -

(2) The velocity of the fuel and air up the tube in the region of the flame is

the same as the velocity at the port. That this is not actually true has been shown

for premlxed V-flames in chapter IV.

(5] The coefficient of interdiffuslon of the two gas streams is constant.

Since diffusion coefficient increases with temperature, as would the gas velocity

assumed constant in (2)_ Burke and Schumann suggest that these two effects may

minimize the errors introduced by the assumptions.

(4) The interdlffuslon of the two gas streams is entirely radial. This is a

reasonable assumption for tall flames.

(5) The mixing of the t_o streams occurs by diffusion only. In other words,

reclreulation eddies and radial flow components are assumed absent.

(6) The flame front is a geometric surface where fuel and oxygen meet in

stolehiometrlc proportions and react to give reaction products.

_9
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(7) The oxygen is considered the negative fuel. In the reaction

Fuel + i02 _ Products, each mole of fuel is equivalent to i moles of oxygen. The

oxygen concentration C02 may then be replaced by its stoichlometric equivalent in

terms of fuel C02/i , which is the number of moles of fuel that would be completely

burned by C02 moles of oxygen. Since zero concentration of reactants at the flsme

front is desirable 3 the oxygen is treated as negative fuel so that the fuel concen-

tration ranges from its value in the unreacted Jet Cf to the equivalent value of

oxygen in the unreacted air -C02/i. This has been shown in figure VII-6 by reflect-

ing the oxygen concentration curve in the horizontal axis and plotting Co2/i , where

i m 1/2 for the stoichiometrlc H2-O 2 flame. Burke and Schumann consider the con-

centration in terms of partial pressures, which are proportional to the molal con-
centrations discussed.

(8) The tube containing the fuel flow has a negligible thickness.

The assumptions made reduce the problem to one of diffusion of a single gas

having a certain initial distribution and subject to certain boundary conditions.

In cylindrical coordinates 3 Fick's law of diffusion gives the equation describing
the concentration as a function of time and coordinates:

\ _r 2 _ (i)

From assumptions (i) and (2) 3 t can be replaced by vertical distance 3 since

t = y/uj (2)

and there results

8C D/_2C 18_I_ D (82p l_r_ (5)= U0 _Sr 2 + r _y = _jj _-_ + r

which now contains the height and radius. The boundary conditions can be stated on

the basis of the burner port at y _ O. At this point 3

p = pf O<r<rj - 5

y=O po^
p = -_ r_ + 5 < r<_r s

(4)

The half-thickness of the port 5 has been assumed negligibly small. Also 3

rmO
(s)__ = 0

Ol
r_ r s

The solution of equation (3) with the boundary conditions (4) and (5) is

Dk2y

-
rs 2 __jk [Jo(krs) ] 2 e

(6)
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where

k constant that assumed all positive roots of the equation Jl(krs) = 0

P02
P Pf +-_--

For further discussion of the solution of equation (3), see reference 8.

General methods of solution ofequatlons of this type are discussed in reference 9.

The equation for the flame front is obtained by setting p - 0 at r N rF,
so that equation (6) becomes at the flame front

i Dk2y
1 Jl(kr_) J0(krF ) Uj rs2p02 rj

k [J0(krs) ]2 e N 2rs iP 2
(7)

The shape of the flame front can be obtained by plotting the values of rF and y
that satisfy equation (7). The height of the flame YF is given by the value of

y when rF - 0 for an overventilated flame and rF = r s for an underventilated
flame. The results of a typical calculation are illustrated in figure VII-9 for an

overventilated and an underventilated flame for which it was assumed rj _ i/2 inch 3

r s - 1 inch, D N 0.0763 square inch per second, and Uj _ 0.610 inch per second,

which corresponds to a fuel flow of 1 cubic foot per hour. The calculated shapes

agree well with the observed flame shapes. A similar treatment was used (ref. 3) to
calculate the flame shape for a flat diffusion flame on a burner resembling that of

figure VII-l(a) .

The properties of diffusion flames are also calculated in reference 8, in

which the analysis was begun with equation (1), and essentially the same assumptions

except assumption (1) were used. The fuel and air velocities were not required to

be equal, althbugh it was required that the air velocity be constant over the annu-

lus and the fuel velocity over the inner tube 3 and that no momentum transfer occur

during diffusion (assumption (2)). Solution of the equation of reference 8 gives

DkZy Dk2y1 Jl(krj)J0(krF) --_-j _ _jj rS_ri rj2 iUj r_
_j__ e + p0 Us e . _ POzUs 2

(8)

Comparison of equations (7) and (8) shows the similarity. The principal difference

is the addition of two terms containing the ratio Uj/UsJ which was assumed equal to

1 by Burke and Schumann.

The analysis was also begun with equation (i) in reference 4, in which the

characteristics of the flame burning on a Jet of fuel discharging into still air

were computed. Essentially the same assumptions as those of reference 3 were used,

except assumptions (1) and (2), which no longer apply. Unlike the assumption of

reference 3 s in which the oxygen is considered negative fuelj the analogous position

that fuel is negative oxygen is taken in reference 4. The oxygen concentration

curve would then follow the dashed line in figure VII-6 on the fuel side of the

flame front where the fuel concentration has been replaced by -Ipf. The oxygen

partial pressure varies in an air flame from 0.21 to -Ipf. The solution of refer-

ence 4 was obtained in terms of a generalized dimensionless concentration Cm
defined as

oa

O
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CC

Cms F =

1 + (_>st

(9)

and a dimensionless time parameter e defined by the equation

8- 4Dt (i0)

8rj 2

The solution of equation (7) is (ref. 4)

1

4@
C - 1 - e (Ii)
m,F

where

I (12)

_ _ 4 in {Ii + C_)stl/CI(_f'Ist + CIC-_)Jl}

Also, from equations (i0) and (Ii),

2

in (i - Cm) rj" ZD--_ (_)

If the volume flow Tate Q is introduced, where

Q _ _Ujrj 2 (14)

there results

Q (_5)
Ujt - 4_D[- In(l - Cm, F)]

In equation (15), the value of t is yet undetermined. A form based on dimensional

analysis and experimental data was used in reference 4.

In reference lO s t was treated somewhat differently. Equation (L5) was

simplified to (see ref. i)

Ujt " 4_D
(16)

and t was replaced by YF/Uo#f, which assumes that the port velocity remains un-

changel to the flame tip. The flame length is then given by
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Cj,F
YF,L_ 4_D - _--_- (17}

which is in agreement with the result of reference 3.

While the laminar diffusion flame theories discussed in the previous paragraphs

have considered the general characteristics of the flame, they have not considered

the detailed phenomena occurring in the flame region. These theories have considered

the flame as a discontinuity, while in the actual case the fls_e has a thickness that

depends on the relative rates of chemical reaction and mixing. The details of flame

structure are considered in reference ii, in which an Arrhenius type of reaction-

rate expression is used. At remote points from the reaction zone 3 the curves of

concentration and temperature are not appreciably altered, but the sharp break

assumed by the earlier theories at the instantaneous reaction zone becomes a rounded

curve for a finite reaction time:

Fuel concentration
4-- Flame _,

' front /

Temperature

0 2 Concentration

Instantaneous

reaction

----- Finite reaction

Under the usual condition of burning in a laminar diffusion flame, the sim-

plified flame diagram used by Burke and Schumann and others is adequate. If the

flow conditions are altered so that the flame zone becomes thin compared with its

length, the diffusion processes may be sufficiently rapid that the chemical reaction

rate becomes important, and the more complicated treatment of reference ii is nec-

essary. Such may well be the case near the extinction limits. Equation (8) may be

used for calculating the dimensions and concentration gradients in a diffusion flame,

while the simpler equation (17) is useful for estimating relative flame heights.

Turbulent flames. - The theoretical treatment of turbulent diffusion flames is

less advanced than that of the laminar diffusion flame because of the much more

complicated mixing process involved. There have been essentially two approaches to

the problem: the first uses the laminar diffusion flame equations 3 but replaces the

molecular diffusion coefficient by an eddy diffusivity, and the second uses equations

based on the mixing of turbulent Jets and derives a new set of equations. Since the

first treatment follows directly from the previous discussions, it is discussed
first.

The eddy diffuslvlty 8 that will replace the molecular diffusion coefficient

is given by

• " :iu' (18)

For fully developed turbulent flow inside the burner tube, _i is proportional to

the tube diameter, and the intensity of turbulence is approximately proportional to

the mean flow velocity at the axis, so that

s _ Uorf (19)

oa
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can now be inserted into equation (17), for example, to give

Q@ Q%
. __ __ (2o)

YF,T _ Z _Ujrj

Substituting Q from equation (14), there results

_ OF
rj

(21)

which indicates that YFsT/rj is nearly constant in the turbulent region. A sim-

ilar result is shown in reference 12 for flat flames (fig. VII-l(a)).

In reference 73 the diffusion flame is described by use of the cold-jet mixing

process. The details of this mixing process are discussed in chapter II. In this

section, only the application of turbulent mixing to diffusion flames will be con-

sidered. Therefore, only the distance required to produce a stoichiometric mixture

is of concern here, for, as in the laminar flame, this equiconcentration surface is

considered to be the flame front. In the case of simple turbulent mixing 3 the axial

distance at which a given concentration is reached (e.g., stoichiometric) is found

to depend only on diameter and not on velocity. Thus, YF,T/rj would be a constant,

in agreement with the results obtained previously. A consideration of the actual

mixing process in the presence of buoyancy due to density differences and in the

presence of chemical reaction is quite complex. The problem is treated in reference

7, in which the following equation is obtained:

•YF, lO.6 + (z- (22)
rj

where

F (Cf + Ca) j ]

" L(cf+ Ca)j + Ca 3 sJst

and

Cf + Ca) j + Ca_s) ]
cz = Cp st

As with the previous treatments, the ratio YF_T/rj depends only on the stoichiom-

etry and thermodynamics of the system and is independent of velocity and diameter.

Although obtained by a less rigorous treatment than the equations for laminar dif-

fusion flames, equation (22) reflects the same type of controlling process and is

one of the most readily used equations for predicting the relative flame heights of

turbulent gaseous diffusion flames.

Effect of Variables on Flame Height

Laminar flames. - Within the region designated normal flames (zones i and 2 of

fig. VII-2)_ the flame height varies with changes in fuel flow. For a given fuel

flow, the shorter flame indicates a greater burning rate per unit volume of space

than the higher flame_ so that flame height is often used in diffusion flames as a
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measureof burningrate. A studywasmadeof the effect of various factors that can
influence the flameheight of diffusion flamescontaining somepremlxedprimaryair
(ref. 13). Theapparatuswasessentially that of figure VII-l(c), exceptthat the
secondaryair wassuppliedby natural rather than forced convection. Theeffects
of port velocity, port diameter,andprimary air - gas ratio on the flameheight
wereinvestigated. While a discussionof the addition of primaryair overlaps
previousdiscussions(chs. IV andV), it shouldbe recalled that evenso-called pre-
mixedflameswith primarygasesricher in fuel than stolchiometric havean outer
flamezonethat is a diffusion flame. It wasfound in reference13 that flame
height increasedwith increasingport diameterandprimarygasvelocity, andthe
results for Cambridgecity gasare representedby the equation

YF,L" KI log Uj + K2 log rj + K3 (25)

where

Kl,_, _ constantsthat dependonprimary air - gasratio

Thequantity of secondarygassuppliedto the flamehadlittle effect on the flame
height, providedthere wassufficient secondaryair for combustionof 75percentof
the fuel (ref. 13).

Theresults of Gauncequotedin reference4 for Oambrldgecity gasflameswith
noprimaryair, burningon a O.125-inchport, are shownin figure VII-10. It was
foundin reference4 that the data of reference131the laminarportion of the data
of Gauncefor Cambridgecity gas, andthe data of reference4 for carbonmonoxide
couldbe empirically correlatedj usingonly two empirical constantsdependingon
fuel type andalr-gas ratio. Theequationis

YF,L" K1log Qef+ _ (24)

Thevaluesof K1 and K2 usedare given in the following table, andthe effective-
nessof the correlation is shownin figure VII-11, wherestraight lines are obtained
whenlog Qef is plotted against flameheight:

 uel (CJCf) K1

City gas 0 1.39

City gas 1.29 1.87

CO 0 1.39

{2

5.09

5.93

4.91

For the calculation of @f, it was assumed that (CJCf) st - 2.38 for carbon monoxide

and from 4.3 to 4.8 for city gas, depending on the composition. Equation (17)#

derived theoretically, shows that yF1L should increase as Uj and the product

Qe F increase# but fails to show the logarithmic form that is found empirically to
fit the experimental data.

Data similar to those of reference 4 for city gas were obtained in reference

l0 for a mixture of 50 percent city gas and 50 percent air by volume and for butane.

The laminar portions of the flame-height curves for lO0 percent city gas fit the

empirical equation

1
YF,L = 0.206 0.354 (25)

Q

0a

where Q is in cubic centimeters per second and is in centimeters.
YF,L
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Diameter does not appear in this equatlon_ since flame height was independent of

port diameter at the low flows necessary for laminar flow. Actually 3 the experi-
mental curves do show a slight effect of tube diameter. A larger diameter effect

is found when a mixture of 50 percent city gas and 50 percent air is used. These

data fit the empirical equation

rj 0.275 2.47

_j + Uj

where U is in centimeters per second. It was found (ref. i0) that i00 percent butane

and butane - primary air flames follow a very simple relation with flow rate for tubes:

K1 (27)
YF,Lm A/_f

where

Xf mole fraction of fuel in jet

The data are shown in figure VII-12 for a O.4-inch-diameter port.

coefficient decreases slightly for large changes in port diameter:

The empirical

Port diameter,
in.

0.180

.290

.40

1.O5

1.99

K 1

].0.4

9.9

9.7

9.1

8.5

Since the empirical equations of reference i0 bear little resemblance to equation

(17), it is suggested therein that the assumptions of constant D and constant Uj

may be in error. Since D changes more rapidly than Uj3 the total change may be

represented by a change in D alone, which results in

(_OF_ 1/_ (281
YF,L" \"'_'_'/

Combining all the effects yields the following form of the theoretical equation:

YF'L*" .II-- _tk i _tD
(29)

which has the same form as equation (25). In general, the measurements and corre-

lations that have been presented were determined for flames that ranged initially

from 4 to 6 inches upwards to about 25 inches.

Reference 8 presents some measurements of flames from 0.2 to about 1.5 inches

in length. The effect of fuel flow on flame height is shown in figure VII-15. In

the region of low fuel velocities, the flame heights are independent of the air

velocity in agreement with the data of reference 15 but at higher fuel flows the

poiHts for the lower air flows of 0.9 and 1.74 inches per second rise above the
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other data. Thelines in the figure werecalculated from equation(8), andit is
seenthat reasonablygoodagreementis obtainedfor the higher air velocities. The
proper trena in flumeheight is predicted for the air flows of 0.9 and1.74 inches
per second,but the theory predicts a greater separationof the 5.45- and5.13-inch-
per-seconddata than wasfoundexperimentally. Equation(8) containsthe parameters
yFI_Uj and Uj/Us, whichsuggeststhat thesequantities maybe useful in corre-
lating the experimentaldata. Thefirst of thesehas the dimensionof time3 while
the secondis proportional to the fuel-air ratio. A plot of yF,_Uj against fuel-
air ratio is shownin figure VII-14 alongwith the line obtainedtheoretically from
equation(8) . Reasonablygoodcorrelation andagreementwith theory are obtained.

Thechangein flameheight with flow velocity andtube diameterrepresents
the principal studies on laminardiffusion flames. Onlya little workhasbeendone
on the effect of pressureon flameheight. It wasfoundin reference8 that pres-
surechangesof lO to 1 atmosphereshadpractically no effect on flameheight. The
theory (eq. (8)) predicts that flameheight shouldbe independentof pressure. Ref-
erence3 also foundflameheight to be insensitive to temperatureandpressure.
Theoretically, this independenceof flameheight results from the fact that pressure
andtemperatureaffect the flow velocity and diffusion coefficient in opposite
directions, thus canceling their effects.

The rather simple form of equation (24) and its s_ccees in correlating the

data for different systems make it appear the most useful for calculating laminar

flame heights where the empirical constants are known. The difficulty of applying

the theoretical equations and the uncertainty of some of the assumptions limit their

use in predicting absolute flame heights.

Turbulent flames. - It has been shown in figure VII-lO that, at certain crlt-

ical flows, the tip of the flame becomes turbulent and that the turbulent portion

increases with increasing flow rate. The break points of city gas, hydrogen, and

propane flames were measured in reference 7. The total flame heights, which are

relatively constant, were also measured and are shown along with the break points

in figure VII-LS. It is evident that both the total flame heights and break-point

heights are relatively insensitive to flow rate in the fully developed turbulent

flame, which agrees with equation (22). The break points for two gases of differing

diffusion coefficients are shown in figure VII-16, where the ratio of break-polnt
height to port diameter is plotted against the product of diffusion coefficient and

flow velocity. Again, there is a drop in break-point height with flow velocity

until a critical velocity occurs I after which there is little change. Break points

for unlgnited and ignited ethene systems were studied in reference 14, in which it

was found that the break point was higher for the ignited stream. The flow velocity

range can be increased somewhat by the use of a pilot, and reference 1 shows that

the flsme height increases somewhat with flow velocity under these conditions; an
increase of flow velocity from 200 to 1200 feet per second causes about a 5-1nch

increase in flame height in the presence of a pilot.

Flame heights of 100 percent city gas flames (fig. Vll-17(a)) and SO percent

city gas - 50 percent air flames (fig. VII-17(b)) in the turbulen_ reglme were

measured in reference lO. The data are represented approximately by

2
rj " o.ooT s+ 3.so/uo (30)

for lOO percent city gas where U is centimeters per second; and

_4
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. z (31)
rj 0.0153 + 3.ZS/U 0

for 50 percent city gas - 50 percent air, again in metric units. Reference 15 shows

that diffusion flames containing Jets of powdered coal in air have flame heights sim-

ilar in magnitude to those of gaseous fuels.

A comparison of several equations for the len_h of turbulent diffusion flames

Is made in figure VII-18, where flame height is plotted against the stoichlometric

concentration for five fuels. Each point represents a single fuel while the lines

are calculated from the equations shown in the figure. Wohl's equation is shown as

a broken llne; a curve derived in reference 15 in which y_log _ is shown as a

dot-dash llne_ while the equation of reference l, represented as a family of lines

for various molecular-weight ratios# is illustrated by the thin lines. Black dots

on these lines indicate the range of Cms F of interest. It is apparent that, for

fuels of widely differing molecular weight s the molecular-welght ratio is necessary#

although Wohl's equation can be made to agree with equation (2Z) to within about 30

percent if hydrogen is omitted. The proposed function of reference 15 cannot fit

different fuel types unless a different empirical constant is used for each fuel.

Stability

The diffusion flame, llke the premlxed flame, has certain regions of stability

beyond which burning cannot occur. These have already been indicated in figure VII-2

by the boundary separating the various flsme zones from the extinction region. While

the phenomenon of flash-back is 3 of course, not possible for diffusion flames, the
extinction curve does not extend to either zero fuel flow or zero air flow. As the

fuel flow is decreased, the flame becomes smaller and smaller until the quenching

action of the nozzle wall is sufficient to prevent propagation. Thus, a lower bound-
ary is set to the fuel flow. As the fuel flow is increased, the flame length in-

creases. At critical fuel flows, however, the processes of flame llft and blow-off

occur entirely analogously to the Bunsen flame. In fact, the blow-off of rich
Bunsen flames (see ch. VI) may well depend on the characteristics of the outer-

mantle diffusion flame. Some typical data on the lifting and ultimate blow-off of
a butane diffusion flame (ref. lO) are illustrated by figure Vll-19. The solid llne

shows the location of the flame base as the flow velocity is increased and llft

occurs. The dotted llne s on which typical flames are shown, illustrates the path of

the flame bases as the butane flow velocity is reduced and the flame resettles.

This type of hysteresis in the llft curves also occurs with premlxed gases (see ch.

VI). The ultimate point, at a flow velocity of about 300 milliliters per second,

corresponds to complete blow-off. The data of reference 2 are for rather short

laminar flames 3 but the phenomenon of lift is illustrated for turbulent flames by

the dotted curve of figure VII-10 s which shows the location of the bottom of lifted

flames and their corresponding total flame height.

The stability range of diffusion flames of ethene issuing from carburetor-type

jets into still air is reported in reference 14. The results showing the stability

region as a function of Jet diameter and Reynolds number may be seen in figure VII-

Z0. The range of gas flow over which the flame is stable increases only slightly

with increasing Jet diameter. Above a certain diameter s the range over which the

lifted flame persists widens rapidly, as the Jet size Incrmases s because of the

rapid decrease in blow-off tendency on larger jets. On small jets, the lift and
blow-off limits coincide. The phenomenon of llft is explained in reference 14 by a

comparison of the break points of ignited and unignited streams and the height of

the base of the lifted flame. In figure VII-21s the height to turbulence or the
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breakpoint or the height to the baseof a lifted flame is plotted againstReynolds
number- essentially flow velocity. CurvesA andB connectthe data for the height
to turbulencein the unignited andignited streams3 respectively. Notethat the
height to turbulenceoccursat higherReynoldsnumbersfor the ignited gasstream.
Thestabilization wasattributed in reference14 to heataddition from the flame.
CurveCrepresentsthe height betweenthe top of the burner andthe baseof the
lifted flame. CurveD representsthe height to turbulencein the fuel Jet of a
lifted flame. At a flow rate immediatelybefore llft# the breakpoint in the gas
streamlles well within the flame envelope. At the actual lift point# the flame is
stabilized by eddiesformedat the breakpoint andthe baseof the flame is at the
sameheight as the height to turbulence(point X in fig. VII-21). After the flame
has lifted, the heatingeffect of the flameon the gas streamis removedso that the
breakpoint returns to that of anunignlted Jet3 shownby the dotted line connecting
curveD andpoint X. As the flow rate is reduced,the break point follows the curve
D, while the flamebasefollows curveC. Whenthey meetat point Y3the flame
suddenlyresettles on the port, andthe breakpoint rises to point Z on curveB.
This description accountsfor the hysteresis in the lift curvesnotedpreviously.

Within the region in whichthe flame seat is located at the port, the length of
the flamehasbeenshownto increaseregularly with flow velocity (fig. VII-lO) •
Howeverjreference2 reports thats undersomeconditions, flame vibrations mayappear.
To the eye, there appearsa doubleflame that maycorrespondto the maximumandmin-
imumpositions of the vibrating flameas sketchedin figure VII-22(a). Stroboscopic
pictures of the flame (fig. VII-2Z(b)) showedthat the vibration consistedof a pro-
gresslveneckingof the flamej this can lead to the formation of an island of flame
which, separatedfrom the seatedflames burnsitself out. Thebutaneflamevibra-
tions havea frequencyof about8 cpsthat is relatively independentof the flow.
Modifications of the fuel supplysystemchangethe vibration frequencyso that fre-
quenciesfrom 3 to 20 cpshavebeenmeasured.Hydrogengives a frequencyof about
200cps; in a few cases3 the butanefrequencycanbe equally high. Similar fre-
quencieswerefound (ref. 16) for the rate of flicker of diffusion flames; hencej
it appearsthat the phenomenaare related. In reference2# the vibrations are
related to the phaselag At between the occurrence of maximum fuel flow in the

oscillating flow and the appearance of maximum flame height. If the phase lag is

small compared with the half-period of the vibration (At << tl/2) 3 the flame

flickers; if At = tl/23 the flame height rises to a maximum and suddenly drops to

its initial value_ if Z_t _ tl/2, flame necking and ultimate breaking off of islands
of flame can occur.

¢G

, LIQUID DIFFUSION FLAMES

Single Drop Combustion

When a single drop of liquid fuel burns s it is surrounded by a diffusion flame

as illustrated in figure VII-23. Fuel is evaporated from the liquid interface and

diffuses to the flame front 3 while oxygen moves from the outside air to the burning

surface. The rate at which the drop evaporates and burns is determined by the rate

of heat transfer from the fl_me front to the liquid surface. As in the case of

gaseous diffusion flames, chemical processes are assumed to occur so rapidly that

burning rates are determined solely by mass- and heat-transfer rates.

Th_. - Flame structure: Spalding (refs. 17 and 18) and Graves (ref. 19)

consider a double-film model for combustion of a liquid fuel. One film separates

the drop surface from the flame front; a second separates the flame front from the

surrounding atmosphere. The distributions of temperature and of fuel, oxygen,

and product concentrations as a function of distance through the combustion zone
are as follows:
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In steady-state combustion# the liquid surface is assumed to be at a tempera-

ture a few degrees below the normal boiling point of the fuel 3 as surveys of the

temperature fields in burning liquids indicate (ref. 20). In the AB region 3 fuel

evaporates at the drop surface and diffuses to the flame front 3 where it is consumed.

Heat conducted from the flame front serves to vaporize the fuel and heat it to the

burning temperature T B. (It is assumed that there is no chemical reaction of the

fuel before it reaches the flame front.) In the BC regionj oxygen diffuses to the

flame front3 and combustion products and heat are transported to the surrounding

atmosphere. The position of the C surface is determined by convection (natural or

forced) .

Burning temperature: By equating fuel flow to oxygen diffusion and heat con-

ducticn in the BC region 3 the burning temperature may be determined. For oxygen

diffusion, with the fuel and oxygen flowing in opposite directions_

Wf W02 DP M02 dP02

" i4_x2 m 4_x 2 w w RTp + i
- P02

(52)

where

w weight of oxygen consumed in combustion of unit weight of fuel

(stoichiometric relation)

XJX02 number of moles of products formed per mole of oxygen consumed

The term (Xp/X02__ - i) takes some account of the fact that there will be a net

gas motion if Xp/X02 _ I. The expression is applicable to the steady-state dif-

fusion of both components of a binary mixture (ref. 21) and neglects the presence

of a stagnant inert gas. For heat flow in BC,

Wf _ (33)
4_x2 Ehc- (hp- hp, c)+(h02- h02, C_-- _BC
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where

h C specific lower heat of combustion of liquid fuel at temperature of surround-

ing atmosphere

h02 specific enthalpy of oxygen referred to unit quantity of fuel

hp specific enthalpy of products referred to unit quantity of fuel

The term in the brackets is the heat that must be transported to the point x

in the combustion of unit quantity of fuel. Eliminating the fuel flow from equa-

tions (32) and (55) and integrating will give

hc- _ + m % -I -

c (34)

if P02,C is small and Xp/Xo2 - i. The factor xBcW/DO02 is considered inde-

pendent of temperature.

Integrating the left side of equation (34) by introducing mean specific heat

Cp for products and oxygen results in

_BC w [ qCp,p - Cp#O2)(TB -TC )

DOo2(Cp, P Cp,02) in [i- he

xBcw TB - TC - P02, C

DO02 hc P

or

DO02 hc PO2, C

TB - T C m xBC w P
(54a)

Unfortunately 3 the error introduced by expansion of the logarithm is in the

opposite direction from the expansion of equation (54)j and predicted burning tem-

peratures are too high. Nonetheless 3 equation (54a) is useful for showing qualita-

tively the factors that influence the burning temperatures.

Equation (54) permits a more reliable calculation of the burning temperature.

It has been used (ref. 18) to obtain burning temperatures for kerosene drops in

atmospheres of varying temperature and oxygen concentrationj with carbon dioxide and

water assumed to be the sole combustion products. Preferential diffusion of water

with respect to carbon dioxide was also neglected. The calculations of reference 19

for isooctane burning in atmospheres of various oxygen concentrations neglected

preferential product diffusion and employed the simplified form of equation (34)

valid for low oxygen partial pressure or Xp/X02 - l; however 3 equilibrium dissocia-

tion of products was taken into consideration. In figure VII-24# burning tempera-

tures of references 18 and 19 are compared for similar conditions. Burning tempera-

tures for isooctane calculated from equation (34a) are also shown. It is to be noted

that these temperatures are higher than the adiabatic flame temperatures for corre-

sponding isooctane vapor-oxygen-nitrogen mixtures (ref. 22). Drop burning tempera-

tares may be greater because there is no net flow of inert gas (nitrogen) through
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the burning zone and because the oxygen is preheated to the combustion temperature

by the hot reaction products. The fact that the reaction zone must have a finite

thickness will give rise to lower burning temperatures than those calculated from

equation (34).

Burning rate: For the AB region, heat and fuel flow may be equated analogously

to equation (33) (directions of fuel and heat flow are opposite):

W____f. XAB aT

4_x 2 h v + h I + hf - hf, A dx

where

hI

Integrating over the AB region gives

wff --I%
A

specific enthalpy of fuel vapor

heat necessary to raise unit mass of fuel to vaporization temperature

nAB dT

hv+h -hf,A
- A (36)

The term hI is included because of the assumption that the bulk of the drop
remains at the initial temperature during combustion. If the entire drop rapidly

reaches the surface temperature during the first stages of combustion, hI should be

omitted. The factors determining the drop interior temperature are discussed in

reference 23.

If equation (33) is rearranged and integrated over the BC region I

%.

(37)

From equations (36) and (37), the mass burning rate is found to be

" 1 4_AI . 4_ (A+B) (38)

In the burnlng-rate equation, the variation of thermal conductivitles with

temperature is considered.

Godsave's burning-rate equation (refs. Z4 and 25) may be obtained from the

first part of equation (38) by using a mean value for the thermal conductivity in

the AB region and letting hf - hf, A- Cpsf(T - TA).

. 4_A1 1 " '_x--_ [ CP_f(TB " TA)]/_A 1
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For a liquid sphere, the relation

dm 4npZxA 2 dXAd--_" - Wf u d-K- (39)

gives the mass burning rate in terms of the change of radius with time.

Experimentally (refs. 19 and 25 to Z8), mass burning rates of single fuel

drops are found to be proportional to the drop radius. Variation of drop diameter

with time is given by

d 2 - do 2 - _t (40)

where dO is the initial drop diameter, d - 2x A is the diameter at any subsequent

time, and the constant _ is the evaporation constant. The rate of change of radius

with time may be obtained frem equation (40):

aXA
dt 8x A (41)

From equations (38), (39), and (41) It follows that

2Wf 8 _A+B)
" --" -- (42)

.olxA o; xA

xc

Note that 8 wlll be constant if XA/X C is constant or if x C - - (drop burning in

the absence of convection). Equation (42) has been successfully used to predict

evaporation constants for the combustion of single fuel drops.

Combustion in quiescent air. - Evaporation constants of single drops (initial

diameter i000 to LS00 mlerons) of various liquid fuels burning in quiescent air have

been obtained by Godsave (refs. 25 and 28) using a motion picture technique. By the

same method, Graves (ref. 19) has studied the combustion of isooctane drops in var-

ious oxygen-nitrogen atmospheres. Plots of square of drop diameter against time were

found to be linear (see eq. (40)). Figure VII-25 shows a typical plot for isooctane

burning in an atmosphere containing 54.9 percent oxygen. In table VII-I, experi-

mental and calculated (ref. 29) values of evaporation constants for combustion in air

determined by Godsave are presented. Althou_h values for Jet fuels were not deter-

mined, evaporation constants of about 10Xl0 -o square foot per second (similar to

kerosene) are to be expected. Evaporation constants from reference 19 for isooctane

are contained in table VII-II.

The combustion of suspended single droplets of decane, tetralin, furfuryl

alcohol, and amyl acetate was studied in reference 281 and drop lifetimes were meas-

ured at pressures between 1 and 20 atmospheres. Lifetimes were found to be very

nearly proportional to the square of the initial drop diameter for a given pressure

and fuel, in agreement with equation (40). Evaporation constants were not deter-

mined as such, but droplet lifetimes were consistent with evmporatlon constants of

the order of 10Xl0-6 square foot per second (similar to those of tables VII-I and

-II). With increasing pressure# volumetric burning rates increased approximately

with the fourth root of the pressure. (The effect on mass burning rates may be

somewhat less, since the density of the fuel drop may be lower at higher pressures

because of higher drop-surface temperatures.) It was observed that at the higher

pressures the distance between flame front and drop surface decreased, which might

O_
O_
O
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be expected with a higher burning rate (see eq. (58a)). This is probably a result

of a decrease in film thickness under natural convection at high pressure, as sug-

gested by reference 50. In contrast, vaporization rates in the absence of combus-

tion decrease when pressure is raised (ref. 51).

In addition# reference 28 reports investigations of the burning of free drop-

lets (150 to 700 microns initial diem.) in air at 1510 ° F and atmospheric pressure.

In these experiments, drops of uniform size produced by feeding liquid fuel onto the

center of a rotating disk were projected into a furnace, and droplet lifetimes were

recorded by means of a drum camera. In this regime alsoj lifetimes were found to be

proportional to the square of the initial drop diameter; it is not surprising that

burning rates were somewhat faster at the higher temperature.

Equation (58a) has been used (ref. 29) to calculate evaporation constants for

benzene, tert-butylbenzene# and _-heptane combustion. The diameter of the burning

surface was evaluated from photographsj and allowance was made for estimated heat

transfer by radiation. The assumed burning temperature of 5100 ° F seems too low_

calculations (refs. 18 and 19, see fig. VII-24) would suggest 4300 ° F as a more

reasonable estimate. Results of Godsave's calculations (ref. 29) are shown in table

VII-I_ and .while the agreement may in part be due to fortuitous choice of TB#

ap,f# and XAB , the values are of the correct order of magnitude and suggest that

Godsave's equation (eq. (38a)) is useful for estimating hydrocarbon burning rates.

Accordingly, equation (38a) has been used to calculate variations in evaporation

constants for the series of compounds investigate_ by Godsave. Burning temperatures

were estimated by employing equation (34a) to convert variations in hc/W into

equivalent variations in oxygen concentrations_ burning temperatures could then be

estimated from the isooctane curve of reference 19. Mean heat capacities and thermal

conductivities were taken at 2200 ° F_ the latter was taken as the mean of the thermal

conductivities of air and the fuel. The position of the burning surface with respect

to the drop was taken from Godsave's determinations (ref. 29). (For isooctane and

ethyl alcohol, the value of _-heptane was employed I since no measurements were made.)

Evaporation constants so calculated were found to be, on the average# 26 per-

cent higher than experimental values_ therefore 3 they have been reduced by this

amount and tabulated in table VII-I. It is suggested in reference 26 that, unless

otherwise indicated# the experimental evaporation constants are precise to lO per-

cent_ reduced calculated values agree with the reliable values to within this margin.
Accuracy of this type of experiment may be poor. Since the isooctane-air value of

reference 19 is some Z0 percent higher than that of reference 26# the 26 percent

correction factor does not prove that the calculations are in error by this amount.

Evaporation constants for isooctane combustion in the absence of convection

(xC i =) were calculated in reference 19. The transport properties of air were

assumed in the BC region, and preferential diffusion among combustion products was

neglected. Figure VII-26 shows three curves calculated assuming:

(a) Thermal conductivity of isooctane in region between drop and burning

surfaces_ dissociation of products

(b) Thermal conductivity of isooctane_ no dissociation

(c) Thermal conductivity of air_ no dissociation

The experimental determinations of reference 19 are also plotted.
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However,it mustbe notedthat thesecalculations are for noconvection.
Equations(36) and(57) maybe employedto calculate the position of the burning
surfacewith respect to the drop. Theresult is

XB A+B
N

For an Isooctane drop burning in air in the absence of convection, values of the

integrals A and B (ref. 19) predict xJx A = 18.5. On the other hand, for _-

heptane, the measurement (ref. 29) shows that xdx A - 3. (Because of convectlon_

the burning surface is highly distorted from a spherical shspe} the value of ref. 29
must be regarded as a minimum, see fig. VII-23.) With the same value assumed for

isooctane, X#Xc-0.3 (from eq. (43)). Observed evaporation constants should be

diminished by 30 percent to yield values applicable in the absence of convection

(eq. (43)). Measured values so reduced have also been plotted in figure VII-26 to

indicate the range for experimental constants in the absence of convection.

It would appear 3 therefore, that the essential features governing the rate of
combustion for single drops in quiescent air are well understood. Uncertainties in

the proper selection of transport properties for the calculation, as well as experi-

mental uncertainties 3 cause difficulties in drawing conclusions from figure VII-26

on the relative merits of the various assumptions of reference 19. However_ the

calculatlon that considers product dissociation seems preferable, since it presents

a more realistic picture of the state of combustion products 3 particularly at higher

temperatures. In general, burning rates of hydrocarbons are very similar. Rates are

increased by factors tending to increase the burning temperature and the thermal

conductivity in the region between the flmne and drop surfaces. Decreases in latent

heat of vaporization and film thickness also cause increases in evaporation constant.

Combustion in air streams. - The principal work on combustion from liquid

surfaces in moving air streams has been conducted by Spalding (raTs. 32 and 33),

with spill-type burners in which the fuel (for most experiments, kerosene) was

circulated over the surface of the burner and collected. Both vertical flat-plate
and spherical burners were employed (the latter simulates a drop of liquid fuel).

Variation of the fuel-fl_w rate permitted variation in the amount of heat absorbed

by the fuel. The burners _are of such a size that the effect of natural convection

must be considered. Experiments on burning from spheres under forced convection

(ref. 35) were also c_a_ried out.

Spalding (refs. 3S and 34) presents without complete derivation the following

equation in terms of dimensionless groups for combustion from a vertical flat plate
under laminar natural convection:

where

B !

[(,mo2.hc/W) + Cp(Tc- TA)]/(h, + hv)

mOz weight of oxygen per unit weight of gas mixture in a_mosphere

C_
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Values of specific heat, densityj thermal conductivity 3 and viscosity to be

employed are not specified; however, for his calculations 3 Spalding used the room-
temperature properties of air. It might be noted that the group gL3p2/_ 2 is a

part of the Grashof number. The function fl(B'3Pr) is approximated by

0.769 in (i + B') when Pr = 0.71 (air).

For forced convection from a flat plate in a longitudinal laminar gas stream,

the following formula is given:

Gf___Ln fz(B'3Pr) Re 1/2 (45)

For Pr = 0.71, the function fl(B',Pr) is approximated by 0.646 ln(1 + B').

It is stated that, in general, mass-transfer rates (burning rates) can be

predicted approximately from existing heat-transfer data by the relation

Gf n L (1 + B') (46)

where H is the heat-transfer coefficient determined in an experiment without com-

bustion or mass transport.

Equation (46) is similar to equation (38a), which_ when based on a burning

rate per unit area, yields

I C_o;f(T B TA)wf 1 XBXAB + (47)
Gf - _" c XA(X B - XA) hv +

4_x A p_f

The term (X_XA) [XA_(X B - XA) ] might be replaced by a heat-transfer coefficient.

By introducing the burning temperature from equation (34a),

Cp,I_°02D h c P02, C A1
C_;f(TB- TA) . L XBC w p + Cp,f(T c-T

since copD / x- i, and for air

(46) and-(47) may be seen.

I_ PO2, C A1Pt + Cp,f(T C- T -

"' hv+h _ = B'

(48)

p0z,c/P ~ m02. Thus, the relation between equations

Natural convection: Spalding's experiments on combustion in natural convec-

tion employed a flat-plate burner 2.5 inches high and 2.08 inches wide and a 1.5-

inch-diameter spherical burner. Upon variation of the fuel-flow rate over the burn-

er, the heat absorbed by the liquid could be as high as 4000 Btu per pound of fuel

burned. This permitted a much wider variation of hv + hI than could be obtained

by burning single drops of fuels of different heats of vaporization and boiling
points.

Data for both the plate and spherical burners were well correlated by equa-

tion (44). For combustion from a sphere, the diameter was used as the character?

i stic dimension in place of'the plate height. This procedure is Justified with the

statement that heat-transfer data by natural convection from plates 3 spheres 3 or
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cylinders arewell correlatedby a single relation, so that the samemightbe expected
to hold true for combustionresults. Mostof the experimentswereonkerosenecom-
bustion, but dataon gasoil 3 gasoline3 andheavynaphthawerepredicted equally
well by equation(44). Equations(44) and(46) are consideredequally goodfor
estimatingburningrates by natural convection.

Forcedconvection: For mostof his experimentson forced convection,Spalding
employeda 1-inch-dlameterspherical burner, with kerosene,gasoline, ethyl alcohol,
andbenzeneas fuels. Experimentalburningrates werei0 to 15percenthigher than
theory for a flat-plate burner accordingto equation(45), but wereanequala_ount
lower than the predictions of equation(46). Datawerenot asreproducible as
results onnatural convection. A calculation basedon equation(46) gives an esti-
mateof 5 millisecondsas the lifetime of a lO0-micronjet-fuel droplet burning in
a 4C0° F air streamwhenthe velocity of the drop relative to the air streamis 50
feet per second. In the absenceof convection,the lifetime wouldbe 12milliseconds.

A moreexact treatmentof combustionfrom a flat plate in forced convection
is reported in reference35, in whicha Prandtl numberof i is assumed.Theresults
of this calculation appearto agreewith experimentsomewhatbetter than equation
(45) or (46).

During experiments on combustion from spheres in air streams 3 it was observed

that at a critical air velocity the leading half of the envelope flame surrounding

the sphere was extinguished. Spalding attributes this extinction phenomenon to

chemical limitations on the combustion rate. As the air velocity is increased; the

boundary layer becomes thinnerj and mass transport to the flame front is increased.

Since chemical reaction rates at the burning surface are finite, the reaction zone

thickens and its temperature falls. Eventually 3 a point is reached at which the

chemical reaction rate can no longer keep pace with the rate at which fuel and

oxygen are supplied to the burning zone_ and the flame is extinguished. Spalding

conducted extinction experiments under forced convection on spheres of varying
diameter (0.275 to 1.025 in.). It was predicted that at extinction the air velocity

(expressed in diam/sec) and the distance of the flame from the sphere surface on the

upstream side should be constant for spheres of varying diameter. This was found to

be the case 3 within i0 percent 3 for the 3.7-fold variation in sphere diameter studied.

Another method of studying combustion by convection is that employed in ref-

erence 56j in which fuel droplets (about 500 to 600 microns initial diameter) fall

through a heated furnace at their terminal velocities. Quantitative data on evap-

oration in high-temperature atmospheres were obtained by this technique 3 but only a
few qualitative observations on residues from burning residual fuel oil droplets

are presented.

In general, Spalding's equations appear to predict well experimental burning

rates under natural and forced convection. However_ drop sizes encountered in fuel
sprays are S or more orders of magnitude smaller than the spherical burners used by

Spalding, and no other quantitative data on burning under convection are available.

Therefore, it is difficult to assess the value of his equations for application to

the combustion of small droplets.

O

_O

Fuel Sprays and Mists

The mode of combustion of the droplets in a burning fuel spray might be con-

sidefed in terms of two extremes. In the first instance# the droplet may burn as a

diffusion flame in the local atmosphere surrounding it. In this event, its combus-

tion will be governed by the factors considered in the preceding section. On the
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other hand, the droplet might evaporate and mix by diffusion with the air in the

preheat zone of an established flame front. The burning of the spray would in this

case be determined by the same considerations that apply to the combustion of gaseous

fuel-air mixtures.

O

tm

Theory of combustion. - The evaporation or burning of liquid fuel sprays has

been examined theoretically in reference 37. It was assumed that the evaporation or

burning rates of individual drops are proportional to the drop diameters (as observed

experimentally), that the evaporation constant is the same for all drops I and that

all drops have the same available time for burning. The fuel spray drop-size dis-

tribution was represented by the Rosin-Rammler relation

R' - e (49)

where R' is the volume or weight fraction of the spray composed of drops greater

in diameter than d. The constants x and n are known as the size and distribu-

tion constants; respectively. The more uniform the drop size, the higher the value

of n] if all drops were of the same size_ n would be infinite. In practice, it

has been found that atomizing nozzles give sprays having values of n between 2 and

4. Mean diameters that determine the evaporation rate of the injected spray and of

the spray in steady-state burning (where injection and evaporation rates are equal)

have been evaluated. The specific volume in steady burning, which is the volume of

unevaporated fuel divided by the volume of fuel introduced per second, has also been

calculated.

Incomplete evaporation of the spray for limited evaporative time was considered.

The results are shown in figure VII-273 where the fraction of the spray unevaporated

is plotted against time in units of _/_2 for sprays in which the distribution con-

stant is 2, 33 or 4. The dotted line illustrates the behavior of a single fuel

droplet, or a spray in which all drops are the same size (n - -). Note that in the

early stages sprays of low distribution constant n evaporate most rapidly (since

more small droplets are present). Later, however# sprays of uniform size distribu-

tion (large n) are favored, since they have fewer large drops (which evaporat_

more slowly). In general, it was concluded (ref. 37) that the size constant x is

the most important factor in determining the evaporation or burning rate of sprays.

The distribution constant has a much smaller effect, although a large value of n

favors more complete evaporation I despite the fact that the initial evaporation rate

of the injected spray will be lower. In appendix C of reference 19, the relations

of reference 37 were applied to the case of a fuel spray burning in a duct where heat

release changes the average velocity along the duct. In this manner, the author

calculated what the effect of evaporation rate on combustion efficiency should be.

The foregoing considerations are applicable if the burning of a fuel spray may

be represented as an integration of the burning of single drops.

Experimental observation. - The observations of reference 38 on a kerosene

spray burning in still air give some information as to the manner in which the fuel

droplets are consumed. It was observed that a flame front was established about 1

inch from the spray nozzle. As indicated in calculations, at this point small drops

(size of the order of lO microns) were at rest with respect to the air stream, which

was moving with a velocity of about 0.7 to 1.O foot per second (compatible with normal

burning velocities). It was concluded that, in the period of about O.1 second which

the small drops spent in transit from the nozzle to the flame front (for larger drops,

this time was even shorter)3 very little evaporation was possible. With the preheat

zone of the kerosene flame assumed to be approximately O.1 inch thick, calculations
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onheat transfer to small dropsindicated that this thicknesswassufficient to
allow evaporationandmixingwith air in the preheatzone. Largerdrops(size of
the order of lO0microns)couldpassthroughthe flame front without being completely
vaporized.

Someconfirmationfor this analysis wasprovidedby observationsonkerosene
droplets in the approachstreamsof premlxedBunsenflames. For a butane-air flame,
droplets (sizes 9 to 30microns)disappearedbefore reachingthe luminousinner cone
of the flame. However,whenanacetylene-air flamewasused, conditions for vapor-
ization werenot asfavorable3 becauseof a narrowerpreheatzoneandhigher gas
streamvelocity. Somedroplets escapedevaporationin the preheatzone; large
droplets (of the order of 80microns)completedevaporationdefinitely abovethe
inner cone.

Limits of flammability: Thereare someexperimentaldata on limits of flam-
mability andrate of flamepropagationin fuel spraysandmists. With fuel sprays,
it is difficult to achievemixtureswhichare macroscopicallyhomogeneous;that is_
mixturesin whichfuel-air ratio anddrop-sizedistribution donot vary throughout
the mixture.

Early experimentson the flammability limits of condensedmists are reported
in reference39. Dropdiameterswereof the order of lO microns. Leanlimits for
the three fuel mists studiedare comparedwith limits for the correspondingvapors
in table VII-III, whichshowsthat the limits are the same(the effect of temperature
on the lower limit is smal_. Undercomparableconditionss lower limits for hydro-
carbonvaporsfall in the fuel-air ratio range0.030 to 0.040(ref. 40)} therefore,
the values in table VII-III are reasonable.

Theresults of similar experiments(ref. 41) arepresentedin table VII-IV.
Whiledrop sizes werenot measured_they musthavebeensmall to permit the formation
of stable mists. Leanlimits are again in the region anticipated for hydrocarbon
vapors. Onthe other hands rich limits occurredat somewhatlower fuel-air ratios

than are usually observed for heavy hydrocarbon vapors. This fact is perhaps not

too surprising, since the rich limit is more susceptible to slight effects, such as

direction of flame propagation (e.g., for hexane with upward propagation, the rich

limit is 0.242; with downward propagation, the limit is 0.112 (ref. 40)). The per-

centage of nitrogen or carbon dioxide that must be added to air to render mists of

cutting oil number 3 nonflammable were: nitrogen s 30 percent; carbon dioxide, 22

percent. These values are somewhat smaller than the equivalent figures for hydro-

carbon vapors (for n-heptane, the amounts required are: nitrogen, 42 percent; carbon

dioxide, 29 percentTj and suggest that the combustion of mists is more easily

suppressed.

On the other hand I the spray flammability test of reference 42 does not indi-

cate this difference. In this test 3 fuel was introduced as a spray into a cylinder

22 inches in diameter and 15 inches long 3 through which an oxygen-nltrogen mixture

was flowing. The spray flammability limit was defined by the minimum volume percent

of oxygen for which ignition took place. In table VII-V, spray flammability limits

for a number of hydrocarbons are listed_ and minimum oxygen concentrations for com-

bustion of hydrocarbon vapors are also included for purposes of comparison. While

the empirical nature of the spray flammability test is stressed 3 it is of interest

to note that these limits correspond closely to the values for hydrocarbon vapors.

It is impossible to say whether the higher limits for lubricating oils were real or

whether they were due to a failure of the spray to deliver sufficient fuel to the

ignition region of the apparatus when more viscous oils were tested.

o_
o
_9
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The limits of flammability in air of condensed mists of JP-I fuel were 0.045

(lean limit) and 0.23 (rich limit)(ref. 4S). In a spray apparatus, the lean limit

was 0.0594. In general, lean limits for condensed mists and fine sprays seem to be

the same as limits for the corresponding vapors} rich limits for mists may be some-

what lower.

Rate of flame propagation: Spatial flame speeds were determined (ref. 39)

for condensed mists and the equivalent vapor mixtures, and the results are contained

in table VII-VI. Although flame speeds for vapors were higher, the experiments on

vapors were conducted at higher temperatures. Therefore, mist flame speeds were

increased to values that might be anticipated at the vapor experiment temperature,

with the flame speed assumed to increase as the 1.4 power of the absolute tempera-

ture, as is the case for isooctane (ref. 22). These corrected mist flame speeds,

tabulated in table VII-VI 3 have in most instances the same values as vapor. It

should be noted that some of the spatial flame speeds are quite large, suggesting

that the propagating flames were not laminar. Presumably, conditions were the same

in both mist and vapor mixtures, so that the comparison is still permissible.

In conclusion_ flammability limits and flame velocities for mists and fine

sprays (drop diameters of the order of i0 microns) apparently correspond closely to

those of vaporized fuel-air mixtures. This result is compatible with the idea that

small droplets can vaporize and mix with air in the preheat zone of an established

flame front. For larger drops (order of i00 microns), the experiments of reference

38 suggest that this is not the case. At the present time, there does not appear

to be information on limits and flame speeds for systems in which these larger drops

are uniformly dispersed through the combustible mixture.

APPLICABILITY OF RESEARCH DATA ON DIFFUSION FLAMES TO JET-ENGINE COMBUSTOR DESIGN

In this chapter, the present status of knowledge of the burning of gaseous and

liquid fuels as diffusion flames is reviewed. For simple systems (simple fuel Jets,

or single drops of liquid fuels), combustion properties may be quite successfully

predicted from mixing rates; chemical reaction rates are not considered. Mixing

rates are, in turn 3 determined by mass- and heat-transport processes. Current under-

standing of the burning of complex gas Jets and fuel sprays is far less complete.

Fine fuel sprays and mists appear to be similar to premixed fuel-air systems, while

for coarser sprays behavior intermediate between that of diffusion and premixed

flames might be expected. The application of the data of this chapter to combustor

performance is therefore somewhat limited. Another limitation exists because of the

high heat-release rates required by aircraft combustion systems. The high velocities

may result in conditions that more nearly approach the extinction regions of the

flames where chemical reaction rates appear to be important. The extinction of

diffusion flames has received somewhat less attention than normal burning and appears

to be a fruitful field for future research.
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TABLE VII-I. - EVAPORATION CONSTANT FOR VARIOUS FUELS

BURNING IN AIR

Fuel

Petroleum ether

(i00 ° to 120 ° C)

Kerosene

Diesel fuel

Ethyl alcohol
Benzene

Toluene

Ethylbenzene

_-Xylene

[-Xylene
Isopropylbenzene
Pseudocumene

n-Butylbenzene

[ert-Butylbenzene

tert-Amylbenzene
n-Heptane
Ysooctane

Evaporation constant, _, ft2/sec

Experimental

(refs. 25

and 26)

lO.6x10 -6

i0.3

8.5

8.7

10.4

a7.1

9.3

8.5

8.3

8.4

b9.4

b9.3

8.3

8.4

10.4

i0.2

Calculated

(ref. 29)

i0.6xlO -6

i0.3

i1.6

Calculated

(c)

8.6 xlO-6

9.6

9.6

9.2

8.9

9.1

8.7

8.4

8.2

8.3

7.8

i0.4

i0.i

aExperimental value believed to be too low.

bExperimental value believed to be too high.

CCalculated using equation (38a) and a correction
factor of 0.79.

TABLE VII-II. - EVAPORATION CONSTANT FOR ISOOCTANE

IN VARIOUS OXYGEN-NITROGEN ATMOSPHERES a

Oxygen in atmos-

phere 3

percent

17.0

20.9 (air)
24.9

34.9

Evaporation constant, _3

ft2/sec

i1.5×i0 -6

12.3

13.5

15.4

aRef. 19.
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TABLEVll-lll. - COMPARISONOFLOWERLIMITSOFFIAMMIBILITYOFMISTANDVAPORa

Fuel

Petroleum
(180 ° to 220 ° C)

_Tetralin

Quinolin

aRef. 39.

[Vessel 3 3 in. diam., 20 in. long.]

Fuel as

vaporj

percent

Mist _ -r Vapor

Temperaturej
oF

41 I 75
b7 84

bl 97

bFrom estimated fuel vapor pressure.

Lean-limit

fuel-air

ratio

O. 037

Temperature 3
oF

140

Lean-limit

fuel-air

ratio

0.036

•O55

•056
212

230
•O35

•O54

O_

8

TABLE VII-IV. - LIMITS OF FLAMMABILITY OF

01L MISTS a

7 in.]Tube diam. _ i_

Fuel

Cutting oil no. i

Cutting oil no. 2

Cutting oil no. 2,
distilled once

Cutting oll no. 3

Sperm quenching oil
Diesel oil

Fuel-air ratio

Rich limit

aRef. 41.

0.033

.043

.043

•O38

•035

.038

Lean limit

0.i18

.134

.214

•159
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TABLE VII-V. - SPPJhY FLAMMABILITY LIMITS COMPARED WITH MINIMUM

OXYGEN CONCENTRATIONS FOR COMBUSTION OF HYDROCARBON

VAPORS IN 0XYGKN-NITROGEN MIXTURES

Fuel

(liquid)

Benzene

_-Hexadecane

Cumene

Aviation hydraulic
fluid AN-VV-O-B66B

Naval lubricating

oil N.S. 2155

Spray flammability

limital

percent 02 in 02-N 2

12

12

12

12

54

aRef. 20.

bRef. 18.

Fuel

(vapor)

Benzene

Methane

Propane

Pentane
Hexane

I Min. 02 concentrationfor fuel vapor combus-

tion b,

percent 02 in 02-N 2

11.2

12.1

ii. 4

12.1

11.9

Fuel

Petroleum

(180 ° to 220 ° C)

TABLE VII-VI. - SPATIAL FLAME SPEEDS OF MIST AND VAPOR a

Fuel-air

ratio

0.044

.061

.072

Mist

I

Fuel as Temper- Flame

vapor 3 ature 2 sDeea.

percent OF It/sec

54 75 5.6
I

30 93 16

55

b 6

b 5

Vapor

Temper-IFlame

ature 3 speed I

OF ft/sec

140 [ 4.5

140 118
99 i19 140 22

84 2.3 212 2.6

115 [3.6 1212 16.2

Tetralin 0.040

.080

aRef. 39.

bCalculated from estimated'fuel vapor pressure.

Mist flame speed
corrected to

temperature of

vapor experiment

4.E

18

21

3.1

4.5
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Figure VII-23. - Burning benzene drop (ref. 29).
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CRAPTER VIII

OSCILLATIONS IN COMBUSTORS

By Perry L. Blackshear, Jr. and Warren D. Rayle

O_

O_
-.j

INTRODUCTION

High-performance jet-engine combustors designed for steady-flow operations fre-

quently and sometimes unexpectedly exhibit periodic flow oscillations, which are usu-

ally audible. The frequencies of these sounds range from the 20 to 30 cps buzz of a

rs_n-jet engine to the i000 to 5000 cps screech of a high-performance afterburner.

Some type of combustion oscillation may occur at any point within the engine oper-

ating range. These combustion oscillations are accompanied by excursions in pres-

sure and velocity within the combustion chamber. Some observers report beneficial

effects due to these velocity and pressure excursions evidenced by a noticeable in-

crease in the combustion efficiency within the combustor. Still more observers re-

port deleterious effects, such as a restricted range of operating conditions or the

actual destruction of combustor component parts.

Some modes of combustor oscillation exhibit distribution of pressure and veloc-

ity perturbation that can best be described by solutions of the wave equation for an

idealized, homogeneous, stationary medium in an enclosure having the dimensions of

the combustor. Other oscillations, where the implied wavelength is long compared

with the dimension of the enclosure, can better be described by use of a lumped-

constant analysis, analogous to the treatment given the Helmholtz resonator. In

these analyses, the wave and the enclosure have been the primary elements9 the flame

and the flow processes have been given cursory treatment. There are types of com-

bustor oscillation, however, where such treatment will not adequately describe the

phenomena, but where the combustor components must be considered. Examples of such

oscillations might include those involving aeolian tones, modulation of fuel flow or

fuel distribution, and recurrent detonation.

Regardless of the system employed to describe the pressure and velocity distri-

bution within the engine, a few general remarks may be made concerning the importance

of the flame and the flowing stream in maintaining the oscillation. Any oscillationj

whatever its nature, requires a source of energy for its continued existence. Two

sources of energy are available in the combustor: (1) the kinetic energy in the

flowing gas, and (2) the chemical energy released in the combustion process. Of

these two sources, the chemical energy is far greater. However, this energy can on-

ly be made available to drive the oscillation through a tlme-varying work cycle,

while the kinetic energy is immediately available for driving the oscillation by

means of any of a n_nber of thermodynamic or aerodyrL_mlc processes that alternately

store and release this energy.

The interaction of the combustion and flow processes within the oscillatory sys-

tem is complex. The flame zone is not anchored spatially but can move with and be

disturbed by the oscillating gas. Meanwhile, the local reaction rates within this

mobile zone vary in some manner with the time-varying pressures and temperatures.

These local rate variations act as sources of acoustic waves whose combined effect

is to drive the oscillation.

In this chapter, the analyses that have been found useful in identifying modes

of combustor oscillation are summarized. The manner in which departure from the
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assumed ideal condition affects mode identification is discussed, and methods where-

by an identified mode may be controlled or eliminated are suggested. An effort is

made to formulate a coherent picture of the interaction between the oscillation and

the combustion and flow processes in an engine on the basis of the little that is

known about such interactions.

MODES OF OSCILLATION

The Burner as a Resonant Room

In almost every case of burner resonance encountered in pr_ctlce, a portion of

the engine containing the fuel in reaction can be assumed separated from the rest of

the universe by some acoustic barrier. The resulting enclosure can be treated as a

resonant room having certain peculiar acoustic properties. For example, the space

between the compressor and the turbine in a turbojet constitutes such a room. In a

similar manner, the space between the inlet diffuser and the exhaust nozzle of a ram

jet constitutes such a room. The theoretical treatment delineating the modes of res-

onance possible in a roam of a given geometry is available in a number of standard

acoustic texts (refs. l, 2, and others). The rather concise breakdown of the appli-

cation of these acoustic treatments to a rocket engine given in reference 3 serves

as a basis for the following discussion.

The general solution to the wave equation for a cylindrical room closed at both

ends with rigid, nondlssipative walls is

p

where

m,n,n Z

cos cos

(1)

J
m

Bessel function of first kind of order m

arbitrary constants

L length of enclosure, ft

m,n,n z indices

P perturbation pressure

R radius of enclosure, ft

r,z38 cylindrical coordinates 3 ft, ft, radians

t time, sec

Gm, n constant, (see table VIII-I)

frequency, radlans/sec

_D
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In both the transverse and radial modes, there would be no change in pressure

and phase along the axis of the cylfndrical room. In the purely longitudinal mode,

however, there should be no change in amplitude or phase across the diameter or a-

round the periphery, whereas there would be a change in amplitude along the axis and

a 180 ° shift in phase every time an antinodal plane was crossed. In selecting a

reliable characteristic for the identification of the mode, deviations resulting from

the too-radical departure from the assumed ideal homogeneous stationary medium may be
considered.

The presence of steady flow through the burner would probably have its greatest

effect on the longitudinal resonance. Strong velocity gradients might occur in a
radial direction. These would tend to diffract longitudinal waves and concentrate

their energy in the region of low effective sound speed.

Temperature gradients would tend to affect almost all the modes of oscillation.

For example, reference 4 gives a theoretical effect of an assumed temperature distri-

bution upon the first transverse mode of oscillation in a cylindrical duct. Refer-

ence 5 discusses the effect of a sharp temperature discontinuity upon longitudinal

oscillation. Reference 6 gives an experimental demonstration of the effect of sharp

temperature gradients on the first transverse mode of oscillation in a cylindrical

duct. The discussions in references 4 and 6 indicate that, where the gas in one

section of a cylindrical duct is executing a uniformly transverse motion 3 at a tem-

perature gradient, there will be phase shifts and a propagation of the oscillatory

motion in the longitudinal direction. Therefore, although the wave equation solution

for a transverse standing wave may adequately describe the transverse gas motion,

there will be a longitudinal component of the gas motion in the pressure propagation

direction. Thus, it would seem that the only possible confusion that could be caused

by neglect of velocity and temperature gradients would lle in the identification of

a longitudinal mode by a longitudinal pressure survey. Usually, consideration of

the frequency alone leads to a rather wide choice of possible modes of oscillation,

since sound speed is rarely known accurately.

In burner oscillations, amplitudes are reached that far exceed the values com-

monly referred to as infinitesimal, for which the wave equation in its linear form

applies. Reference 8 shows that for these high amplitude waves almost any wave form
tends toward the saw-tooth wave form because of the differing acoustic velocity in

the compressed and rarefied gas. This tendency toward saw-tooth form would not nec-

essarily change the frequency of oscillation, since even for waves of as much as 2

atmospheres peak-to-peak amplitude# the apparent propagation rate of a train of waves

does not differ appreciably from sound speed. There would he an effect, however,
in that the waves constituting either a standing or traveling wave oscillation would

be asymmetrical. A very simple ws_v of demonstrating this effect is by considering

equation (1) for the case where m = n = O. Since a sum of solutions of the form
thus obtained is also a solution of the wave equation, an equation describing a

standing wave system composed of saw-tooth waves may be derived:

p = _ (")nz+l K0 nzXZ nz_atq cos-1- cos--C- (3)
nz=l

where

K 0 arbitrary constant

p pressure

.0

z axial distance, ft
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A mode of oscillation then can be obtained by giving the constants m, n, and n z

integral values. Since the wave equation is linear, a combination of different modes

may exist simultaneously. The frequency for any mode of oscillation in the cylindri-

cal room is given by the formula

where

sonic velocity, ft/sec

(2)

frequency, cps

It is of interest to consider three of the simplest modes possible in the cylin-

On the basis of the preceding discussion, it is now of interest to consider the

methods whereby such modes of oscillation may be experimentally ideutlfled. If the

modes actually correspond to the simple solutions of the cylindrical wave equation

as discussed herein, for a purely transverse mode, the pressure w_ldundergo a maxi-

mum excursion near the wall and go through zero excursion at the center line of the

duct. The pressure on opposite sides of the burner would be out of phase for odd

transverse modes and in phase for even transverse modes.

If the transverse mode were a standing wave, the oscillatory pressure about a

circumference would reach a maxlmtun at the nodal point, vanish at an antinodal point,

and so forth. On either side of the antinodal line, the pressure oscillation would

everywhere be in phase. If the transverse mode were a travellngw_ve, the amplitude

about the circumference would be everywhere the same, and the phase difference be-

tween two points of circumference would be an integral multiple of their angular

displacement. A radial wave would have the pressure distribution shown in figure

VTII-1. The phasing would be such that the pressure at the center of the duct

be 180 ° out of phase with the pressure at the wall for odd modes and in phase for
even modes.

A similar treatment maybe given the annular roam (ref. 5) and the rectangular

room (refs. 1 and 2). Reference 3 points out the fact, usual/_ emitted by standard

acoustic texts, that the transverse mode of oscillation may occur as a traveling

wave as well as a standing wave. The pressure distribution for the traveling wave

is obtained from equation (i) by taking KI = O, K 2 # O; or K I # 0, K 2 ffi0. Figure

VIII-Z gives a comparison of the _ressure and partlcle-motion distribution of stand-

ing and traveling waves for the first transverse mode.

drical room. If m = n = O, the mode is the purely longitudinal organ-pipe type of

oscillation. For m = nz = O, the mode of oscillation is purely radial with the gas

oscillating back and forth from wall to center of the cylinder uniformly along the

length of the cylindrical room. For n = nz = 0, the mode is a purely transverse

oscillation where for m = i the gas sloshes back and forth aeroas a diameter, agaiu

uniformly along the length of the cylindrical room. Retches of the pressure distri-

bution and particle motion for these three simplest cases are given iu figure VIII-1.

The higher modes of oscillation possible can be camputed from equations (1) and (2)

with the help of the values of _m,n given in table VIII-I for the first several

modes of transverse and radial oscillations for which nz may or m_y not be equal

to zero.
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The rather unusual properties exhibited by this standing wave system include an am-

plitude at the antinode one-half the value at the node; the frequency of the oscil-

lation measured at this point appears to be doubled. Similarly, the phase obtained

by measuring the time between pressure peaks will differ from point to point in the
region between a node and antinode when the wave is saw-tooth and will vanish when

the wave is sinusoidal.

This same treatment cannot be applied directly to the transverse modes, since

higher harmonics are not multiples of the fundamentals. In reference 4, the trans-

verse waves of finite amplitude were investigated by retaining the second-order terms

in the wave equation. The conclusion was that to second order the waves were smooth

and permanent, and no difficulty should arise in basing identification on first-

order terms alone. In practice, a rather careful study must be made to ascertain

amplitude and frequency distribution about a circumference in order to distinguish

between standing and traveling transverse waves. However, the primary aim of mode
identification is to give a clue to the best manner in which damping may be applied;

therefore, a rigorous determination as to whether a transverse mode is traveling or

standing is not important# since the damping of both waves would be the same.

Once the mode has been identified, appropriate damping can be applied by acous-

tic treatment either of the outer shell, the core of the combustor, or the terminat-

ing end of the combustor by various methods suggested in references 1 and 2. Further

mention of damping methods is made in a subsequent section. Reference 7 demonstrates

the suppression of identified transverse modes in a screeching afterburner by instal-

lation of a perforated liner downstream of the flame holder.

The Burner as a Helmholtz Resonator

Both ram-jet engines and turbojet afterburners ordinarily include a subsonic

diffuser of smaller cross section than that of the combustion chamber. This geometry

is analogous to that of the Helmholtz resonator. A mode of resonance should then be

possible wherein the gas in the diffuser oscillates back and forth and that in the

combustion chamber undergoes pressure fluctuations. Such a mode of resonance would

be less probable in the afterburner, since the pressure drop across the turbine en-

sures a nearly constant flow of gas into the afterburner.

Like any other form of oscillation, the Helmholtz type requires that energy be

available to sustain it. In the ram-Jet engine, there are three mechanisms by which

the available energy may be applied. The most obvious one is that depending on a

time-varying heat-release rate within the combustor. Another relies on a variable

pressure recovery of the supersonic diffuser, thus using the kinetic energy of the

incoming air to drive the oscillation. Still a third mlght employ a time-varying

temperature or temperature profile at the exhaust nozzle; this would not necessarily

imply a varying heat-release rate for the whole combustor.

The effectiveness of va_ng heat release as a driving mechanism can be easily

analyzed. Assume first that the diffuser is of constant area and has a pressure

recovery independent of mass flow. Let the temperature rise across the combustion

zone be constant; the heat-release variation is produced by variation of n_ass flow

through the (nonstationary) combustion zone. Assume a choked exhaust nozzle and

neglect the pressure drop in the combustion chamber. Then, if the density of the

hot gas is

TC

% : Pc +aTc (4)
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the linear differential equation for the gas motion is found to contain the damping

term

I
where

PC

P

q

T C

/XT C

Y

Pc 'Ph

mean combustor pressure

perturbation combustor pressure

mean heat-release rate

perturbation heat-release rate

mean temperature of gas entering combustor

temperature rise across combustor

ratio of specific heats, cJc v

densities of gas before and after combustion

For maximum instability, q is assumed to be in phase with p. Instability results,

then, only if

._i (r-l) + +2 (6)
_P 2Y

It is readily seen that, for realistic values of ,_Tc, the criterion becomes nearly

qPc

_-- > l (7)

The case of Helmholtz oscillation driven by a variable diffuser pressure recov-

ery is treated by reference 8. For isothermal flow, a differential equation is de-

rived to describe the gas motion. It may be written as

where

duKl d2u + K2 _ +K3u : 0 (8)
dt 2

WcW d

K 1 - m2rPA1 (8a)
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The frequency of oscillation may then be expressed as

where

(9)

A1 area of diffuser inlet, sq ft

a 2 sonic velocity at diffuser exit, ft/sec

-i
f frequency, sec

M 2 Mach number of flow at diffuser exit

m total mass flow (mean), slugs/sec

m 2 mass-flow rate (mean) of gas through oscillatory area at diffuser exit, slugs/
sec

P total pressure in combustion chamber, lb/sq ft abs

u perturbation velocity, ft/sec

W C mass of gas in combustion chamber, slugs

W d mass of oscillating gas in diffuser, slugs

The system is seen to be oscillatory if the quantity _ is less than zero. 1_ne

theoretical frequencies and stability regions are reported in reference 8 to agree

reasonably well with experimental values.

When heat is added in the combustion chamber, the analysis beccmes more complex.

In this case, reference 8 assumes a constant rate of heat release. This part of the

investigation, then, includes oscillations driven by a tlme-varylng temperature pro-

file at the exhaust nozzle and by a variable diffuser pressure recovery. The effect

of heat addition is to further reduce the region of stable operation for a given

configuration. A typical result is presented in figure VIII-3 (ref. 8). This fig-

ure shows stability regions cc_ted for isothermal as well as coB_ustion conditions.

The oscillation frequencies predicted were found in reference 8 to be considerably

lower than those observed. The observed frequencies were sufflclentlyhlgh that the
possibility of standing-wave resonance should be considered.

The third factor by which a Helmholtz oscillation may be driven is a variable

exhaust temperature. Since the exhaust is usually choked, am increase in g_s tem-

perature produces a decrease in mass flow. The analysis of reference 8 does not

deal with this effect alone. However, since the heat-release rate is assumed con-

stant, the variation in exhaust temperature with mass flow can be considered to ac-

count for the decreased stability accompanying combustion (fig. VIII-3).
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In the actual engine, the stability depends on all three factors. Potential

instability with respect to one may be overcome by the effects of the others. _._

analyses available are necessarily simplified, a mathematically rigorous treatment

being impossible for a real engine. The stability criteria should nevertheless be
indicative.

Departures from the idealized condition will affect both the actual stability

region and the actual frequencies. The effect of through-flow has been included i_

the analyses; the effects of finite sound level, spatial temperature gradients, and

nonlinear performance of exhaust and diffuser have not been completely discussed.

Insofar as the stability criteria are concerned, the ultimate amplitude of the os-

cillation is probably not important. The criteria merely state that under certain

conditions infinitesimal disturbances will be amplified. It is possible that addi-

tional instability will result from finite disturbances, or triggers; the effect of

flow disturbance on heat release cannot be expected to remain linear at high

amp]/tude.

To prevent the Helmholtz-type oscillation, the driving forces must be reduced

or opposed. The driving force due to varying diffuser pressure recovery can be

reversed by using a diffuser with an appropriate characteristic, that Is, a diffuser

whose pressure recovery decreases as the mass flow increases. _e driving due to

varying heat release can be reduced or reversed by _I) reducing the sensitivity of

the combustion process to velocity or pressure fluctuations, and (2) bringing any

residual perturbations as far as possible out of phase with the burner pressure.

The driving by varying exhaust temperature can be altered by (i) making the exhaust

temperature insensitive to velocity and pressure fluctuations, and (2) controlling

the residence time of the hot gas and hence the phasing of the reflected pressure.

According to reference 8, the least oscillation should be found for a configu-

ration employing a long diffuser and a small combustlon-chs_ber volume. The reduc-

tion of the sensitivity of the combustion process might result from (I) removing the

flame holder from the high-veloclty perturbation region, and (2) using a fuel whose

reaction rate is little affected by variation of pressure and temperature.

Damping by the use of tuned resonators attached to the combustion chamber has

been proposed and experimentally investigated. Reference 9 showed that such a reso-

nator, tuned from 45 to 64 cps, was effective in suppressing pulsations in a ram-jet

engine. These pulsations, without the resonator present, occurred at about 20 cps.

Suppression of pulsations was obtained over a small part of the diffuser operating

range.

Control by viscous damping seems impractical, though theoretically a large fric-

tion loss in the diffuser would be effective. Another theoretical possibility would

be to contrive a pressure-sensitive exhaust nozzle so that its effective area would

increase with pressure.

--4
v)

Systems of Oscillation with Nonacoustic Elements

It was found in reference lO that vortices shed from a bluff object in a duct

could excite longitudinal resonance in the duct. The frequency of vortex shedding

from a cylindrical rod is given as

f = o.lssz (lo)
D

where

D rod diameter, ft
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f frequency, sec -1

v stream, velocity, ft/sec

The length of the duct in this case could be varied until the frequency of vor-

tex shedding and that of a mode of resonance in the duct coincided, at which time a

rather large amplitude oscillation would ensue. The separation of the boundary layer

from a rod is but one of the forms of separation that can occur in the complex inte-

rior of a jet-engine combustor and that can interact with the gross flow to excite

either a longitudinal, a radial, or a transverse mode of oscillation of the burner
enclosure.

When the frequency of vortex shedding coincides with the frequency of the sup-

ported cylindrical rod, the ensuing vibration is greatly amplified. _Lis is the

source of the musical note in the aeolian harp and is given a rather general inves-

tigation by Strouhal (discussed in ref. 2).

Another form of oscillation involving nonacoustic elements is discussed in ref-

erence ll. A flow disturbance in the combustion chamber created a pressure pulse

that traveled upstream and modulated the rate of fuel flow from a fuel injector.

The modulated fuel-air mixture then traveled downstream at stream velocity, arrived

at the combustion chamber, caused a change in pressure in the combustion chamber,

and sent a corresponding pressure pulse upstream to repeat the cycle. T_e frequency

of oscillation for this type of nouacoustic vibration is given as

where

a sonic velocity, 1280 ft/sec

d distance from igniter to injector, ft

v stream velocity, ft/sec

Also discussed in reference ll is a type of oscillation involving recurrent detona-

tion originating in the boundaz-g layer of a duct filled with a combustible mixture.

The frequency of this type of oscillation can be determined from equations (1) and

(2) of reference 2.

All these types of oscillations would be affected by the acoustic damping dis-

cussed previously; however, special treatment may be given these types of oscilla-

tions. For example, the physical structure of the offending strut can be modified

either in its rigidity or in its size and location so that its natural frequencies

differ from the excitable frequencies of the burner enclosure. For the second type

of oscillation, the injection pressure can be increased to render the fuel-injection

system relatively insensitive to small fluctuations in the combustor pressure. The

oscillation involving recurrent detonation was controlled in reference II by the

injection of chaln-breaklng additives in the boundary layer of the combustion cham-

ber iam_diately downstream of the flame holder.

Reference 12 uses a quasi one-dimensional plane wave theory to express pressure-

time relations in a buzzing ram Jet. This isothermal pulsation is assumed to be

triggered by flow separation in the diffuser. The consequent mamentary reduction

in mass flow is accompanied by a shift in the location of the normal shock and by
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pressureandrarefaction wavesthat propagateinto the combustor.Thesewavesare
reflected backandforth betweenthe exhaustandthe diffuser as the enginepressure
slowly regainsits original value. Thenthe cycle repeats.

Thecharacteristic of this typeof instability is the nonsinusoidalnatureof
the perturbation of the inlet massflow. For as much as 70 percent of the cycle this

flow is constant. At any station in the combustion chamber, the pressure first under-

goes a sharp decrease, then climbs slowly back to its original value, at the same

time being modulated by the reechoing pressure-rarefactlon couplets. Various pre-

dieted pressure-tlme curves are shown by reference 12 to correspond smazlngly well

with experimental ones (fig. VIII-4).

This type of pulsation is not combustion-drlven. It is of interest as a repre-
sentative of nonsinusoidal vibration systems, analogous to the electronic relaxation

oscillator. These systems differ from the sinusoidal oscillators in that not even

an infinitesimal disturbance is needed to start the cycle.

t_
_9

INTERACTIONS

Elements Disturbed by Velocity and Pressure Oscillations

The nature of steady flow through diffusers, around obstructions, through per-

forated liners, and particularly through the flame zone is poorly understood. Any

attempt to describe processes that occur when pressure and velocity oscillations are

superimposed on the steady flow may appear presumptuous. The fact re_malns, however,

that in the real combustor real oscillations do exist. Even though discussing the

effects of these oscillations on the processes that take place in a combustor may be

considered sheer speculation, it is felt that to speculate is potentially more profit-
able than to ignore.

There are a number of possible effects that combustor oscillations may have on

the boundary layers existing in the various component parts of the burner. So_e of

the effects can be extremely violent, such as the increase in heat-transfer rate to

the outer shell during screeching burning (ref. 1S). A possible.explanation for

this effect is given in reference 5, which states that the velocity of the gas ad-

jacent to the wall is increased during screech by means of the transverse mode of
oscillation.

There is no clear-cut demonstration of the effect of oscillations on the over-

all build-up and separation of a boundary layer on a straight wall. In some theo-

retical studies of boundary-layer growth, the amplification of disturbances of a

sinusoidal nature has been considered as a possible explanation for the transition

from a laminar to a turbulent boundary layer (ref. 14). Since, in most cases, the

boundary layer in the combustion chamber will already be turbulent, the possible

intermittent separation and attachment of a boundary layer should be considered.
be synchronizing of the shedding of a bound vortex on a rod with duct oscillktions

has already been cited (ref. 10). Reference 15 states that, when a flame is seated

on the rod, the vortices no longer shed but become bound and, in most cases, sy_net-

rlc. The literature is not in unanimous agreement on this point. Reference 16 indi-
cates that, near blow-out 3 vortex shedding with combustion does occur. With combus-

tor oscillations, there certainly seems to be evidence of something resembling vortex

shedding in the wake of a flame holder, as can be seen from the excellent schlieren
photogral_hS of a rsm-Jet flame during screech in reference 15.

Of general interest regarding the influence of flow fluctuations on a vortex

train in the wake of a cylinder with and without combustion is reference 17. Here,
the following velocity profile is examined for neutral stability:
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c_

o,i

u = fk sech2 Cl_)

where

f,@ functions of viscosity, distance, and initial stream momentum

k constant of integration

U velocity

y distance perpendicular to direction of flow

Equation (12) was found (ref. 18) to represent profiles of mixing plane Jets and

wakes. It was found that the disturbance vortices (for unsymmtric disturbances)

formed two trains a distance h apart, alternately aligned as in the K/rmAn vortex

street. The relation between h and the distance k between vortices in a single

train is given in reference 17 as

h = _2 tanh-i _!l
k _ _k

whereas, for the K_n_n street,

or the two agree if

h = I tanh-iI

I 1

Since vortex occurrence in wakes is possibly commcted to the stability of a

mean wake profile, the problem can be further simplified by an approximation of the

profile with a broken-llne V-profile_(ref. 2) and a study of the effect

of density variations. It is found that the wavelength of the neutral disturbance

of the V-profile is the same as for equation (12) when the V is of comparable width,

and that reducing the density of the wake gases has a stabilizing influence, but

does not render the profile completely stable, at wavelengths large compared with
the profile width. This is in qualitative agreement with the d_ta of reference 15.

The interaction, then, is this: Acoustic oscillations SUl_ply the initial amplitude

to a flow disturbance in a wake, which subsequently grows 3 d_cays, or remains un-
chanced, depending on the wavelength of the disturbance.

In reference 5, a study was made of the superimposed steady and time-varylng

flow through a i/2-inch-dlameter thlck-plate orifice. The thickness of the time-

varying flow boundary layer depended on the Reynolds number of the steady component

of the flow. The time-varying flow profile through the orifice was essentially that

computable from the potential flow theory, except for a thin boundary layer that

depended on the Reynolds number of the steady flow, as shown in figure VIII-5.

The effects of pressure and velocity oscillations on fuel flow and on mixlng
rates depend largely on the types of oscillations involved and the location and de-

sign of the fuel-injection systems. The pressure pulsations may directly modulate

the fuel-flow rate during the oscillation. The major effect on the mixing rate,
however, will be that of the tlme-varying velocity, which will be most strongly felt
when the oscillation contains radial or transverse cgmponents.
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Most studies to establish the fundamental nature of flame-stabilizing elements

have re_:og uized that flow oscillations greatly affect the performance of flame sta-

bilizers. Reference 15 reported that, when resonance was encountered, blow-out

velocity data could not be reproduced. The possibility of duct resonance in the

study reported in reference 15 was removed by placing the flame stabilizer near the

exhaust of the test duct so that only a small portion of the stabilized flame re-

mained enclosed in the duct. A number of investigators have mentioned the fact that

increasing duct length appears to increase the instability of a burning engine.

This trend is illustrated by unpublished NACA data in figure VIII-6, which shows blow-

out limits for several different velocities as a function of tail-pipe length and

fuel-air ratio. The factor affecting both the flame stability and the heat-release

rate is the previously mentioned tendency of the time-varylng flow to follow poten-

tial flow streamlines. This tendency is shown by the sequence of photographs in

figure VIII-7. Thus, a velocity disturbance at the flame holder, rather than sepa-

rating at the downstream edge and allowing for a sheltered zone where recirculation

may occur, will cause a penetration of this sheltered zone by an amount dependent

upon the amplitude of the disturbance. The effect of this potential flow about the

flame holder, then, will be (i) to hinder the recirculation in the wake of the flame

holder by an inclusion of cold gas, and (2) to extend the flame-front area at the

flame holder, this extension then flowing downstream at about stream velocity.

It is felt that the wrinkling of a flame front at a flame holder is one of sev-

era/ ways in which the flame area or the heat release may be varied during an oscil-

lation. The sequence of photographs (ref. 5) in figure VIII-7 shows the time his-

to_f of a wrinkle from its generation at a flame holder to its disappearance at the

flame tip.

Reference 19 points out that the stability of a hot-cold interface is markedly

affected by the accelerations occurring during acoustic resonance. The effect of

acceleration is to destabilize if the acceleration vector has the same direction as

the density gradient (refs. 20 and 21).

Data of reference 19 show that a flat flame breaks periodically into cellular

flamelets in a resonating tube in phase with the gas acceleration. The phase rela-

tion required by the Rayleigh criterion for driving standing waves by heat addition

is thus met. The oscillations and the cells occurred in all fuel-8/r mixtures

tested, but amplitudes were greatest in those mixtures in which cells formed spon-

taneously, that is, in downward propagating flames that were unstable in spite of

the stabilizing effect of gravity.

To treat this problem theoretically, a periodically varying acceleration was

substituted for the gravity acceleration in the flame-front stability equations

(ref. 19), and remarkably good agreement with experiment was achieved. The same

sort of substitution can be made in the stability analyses of references 20 and 21,

in which a continuous-velocity distribution is assumed parallel to a sequence of

discontinuities in densities.

One general conclusion might be drawn from these stability considerations_ the

flame front can be desensitized if the density _radients are not parallel to proba-

ble acceleration vectors. Some of the oscillations encountered in jet engines reach

such violence that it is possible that large reactlon-rate changes accompany the

oscillations. Whatever the direct cause of the increase in reaction rate, the os-

cillation is certainly conducive to high performance in some cases. For example,

reference 6 showed that during a screech condition the combustion efficiency for a

simulated afterburner was 92 to 98 percent, dropping to 65 percent with the cessa-

tion of screech. The effects of oscillations on nozzle and diffuser performance

are to date unknown.

_O
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A few general remarks may be made about the location of the disturbed elements.

It has been shown that in some cases a velocity fluctuation causes the sensitive

element to be disturbed; whereas, in other cases the pressure fluctuation is respon-

sible. Thus, if the oscillation consists of a standing wave, the maximum pressure

variations will be found in those parts of the burner where the velocity fluctuations

are least, and vice versa. In this case, the resonance may be reduced by Judicious
location of the sensitive elements far from their exciters. Such a remedy is not

available, however, if the mode of oscillation is one in which traveling waves
dominate.

Effects of Feedback Loops on Pressure and Velocity

In general, any self-excited oscillation may be considered to involve a feed-

back loop, that is, a means by which the effect of a given signal is ultimately to

generate another such signal. When very-hlgh-frequency oscillations (wavelengths

on the order of a burner diameter) are involved, the signal will probably be acous-

tic throughout the cycle and will therefore travel at velocities of 1200 to 3000

feet per second. At lower frequencies, the feedback loop may comprise such elements

as variation of gas composition 3 which will be transported at stream velocities.

If the oscillation is assumed to be combustion-driven, each cycle will include

a variation of heat release that may be either local or over-all. This variation

will, in turn, produce pressure and velocity waves moving upstream at a speed

aI (l - M1) , and downstream at a 2 (1 + M2). A composition and a temperature ir-

regularity will also be generated and will move downstream at a velocity a 2 (M2).

The problem then becomes one of defining the possible methods whereby these waves

can produce subsequent changes in the heat-release rate.

If the gas velocity is sonic at the exhaust, an impinging pressure wave will

reflect, and a pressure wave will then propagate upstream. A momentary increase in

temperature, on the other hand, will be transformed into a rarefaction wave travel-

ing upstream. These waves may affect the heat release as they pass through the

combustion zone by modifying the pressure and temperature therein, or they may have

an indirect effect after passing through the combustion zone. In the latter case,

the effect of sound waves traveling upstream from the combustion zone may be con-

sidered, regardless of whether the waves originate in the t£me-varylng combustion or

whether they have already reflected from the exhaust nozzle. Such waves may affect

the subsequent heat-release rate in many ways, among which are (1) changing the flame

area as the wave passes the flame holder, (2) changing the velocity profile upstream

of the flame holder, (3) altering the local fuel-air ratio as the wave passes the

fuel injectors, (4) altering the mass-flow rate into the diffuser, and (5) reflec-

tion from the inlet diffuser followed by any of the aforementioned interactions.

This suummry of possible interaction is intended to be suggestive rather than

exhaustive. Additional signal channels such as the shedding of vortices, mechanical

vibration, and modulation of fuel spray or fuel evaporation characteristics should
be noted.

The fundamental frequency for any loop can be determined as the reciprocal of

the time required for the signal to travel the loop:

\/ vi)
(13)
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where

L. length of loop segment, ft
i

V i velocity of signal in loop segment, ft/sec

Although it is impossible to assign a given loop definitely to a known frequency,

it is possible to eliminate from consideration those channels requiring unduly long

or short intervals. Some caution is necessary; if various channels are simultaneous-

ly active, the frequency need not be the fundamental of all and may not be the funda-

mental of any. It is highly probable that, with the multiplicity of potential feed-

back loops, many may contribute to any given frequency of oscillation. It is likely

that the mode of resonance selected by the burner will be that for which the energy

released from the individual feedbacks is greatest.

All the feedback loops considered have one element in common; the signal is

carried upstream as an acoustic wave. This suggests the possibility of controlling

these oscillations either by damping this wave or by desensitizing the elements it

will affect. One method of damping might be to provide channels of varying acoustic

length from the flame holder to the region of interest, so that the original wave

would be broken down into a series of smaller waves arriving one after another.

The case of oscillation of very high frequency can be considered analogous, ex-

cept that the signal may be propagating transversely for much of the cycle.

_4

SIGNIFICANCE OF RESONANCE SI_JDIES IN DESIGN OF JET-ENGINE COMBUSTORS

Design Criteria Based on Mode of Resonance

The application of results of resonance investigations to the design of jet-

engine combustors is somewhat limited because of the opposing requisites for good

combustion and less resonance. From acoustic considerations, the features of cur-

rent combustors are more likely to produce than to reduce resonance. Current designs

are symmetrical, smooth, hard, and uniform. On the other hand, less resonance would

be anticipated if no two surfaces reflected waves alike, absorbed waves alike, nor

had parallel walls. The optimum combustor design must necessarily be a compromise

between the two extremes.

In the actual design of the combustor, the simplest rule to apply would be to

acoustically soften those parts of the combustor where possible _odes of oscillation

would have pressure maximums. Thus, for the longitudinal wave, the softened part of

the burner should be at the terminations and at the walls near the terminations.

For transverse modes of oscillation, the wall surrounding the region where the trans-

verse oscillation might occur would be ind/cated. If the walls are softened by use

of some sound-absorblng material such as filaments of glass or steel wool behind a

perforated shell, it might be well to place such sound-absorptive material in a

random distribution of patches, random both in size of patch and in location upon

the wall.

If the flamm is driving the oscillations, and it appears that this is the case

in a large number of instances, it is well to keep the flame away from regions where

the pressure goes through its maximum excursion. This means that the maximum re-

action zone should be kept away from pressure loops in the standing wave: away from

the terminating ends of the combustor in the case of longitudinal standing wave,

and away from the wall in the case of transverse standing wave. If the combustor

is of such a nature that stratification of hot and cold gases is implicit in the

design, such hot and cold patches might be sized and spaced to act as sources of
wave interference.
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After measuresto reduceoscillations havebeenapplied, it maybe foundthat
a given combustorstill oscillates at particular operatingconditions. If the mode
of this oscillation canbe identified, corrective measuresspecific to that modemay
thenbeapplied. TableVIII-If gives a summaryof corrective measuresfor specific
modesof oscillation.

DesignCriteria BasedonSensitivity of DisturbedElements

If a componentpart of the combustorsuchas the flameholder is a sensitive
elementin the feedbackloop causingthe self-excited oscillation, at least onede-
sign criterion canbe employed.If the elementis sensitive to velocity or pressure,
it canbemovedfrom the locus of maximumvelocity or pressureexcursion. Otherreme-
die_ equally as obviouswouldbeeither to desensitizethe sensitive elementcomplete-
ly or to shift its sensitivity to a frequencyrangethat doesnot correspondto a
possible modeof oscillation in the combustor. Somesensitive elementscanbe de-
sensitized. For example,a fuel-injection nozzlethat canbe influencedby pressure
pulsescouldbe desensitizedby increasing the pressuredrop acrossthe injector.
A fuel-air mixturecouldbe desensitizedby the selection of either a newfuel or a
fuel additive that wouldcausea diminishedresponseof the combustionprocessto
disturbancesin pressureandtemperature.

TheFuturefor CombustionOscillation

Thereis anever-growinggroupof workerswhobelieve that combustoroscilla-
tion hasevidencedsuchimpressiveadvantagesthat a far more profitable course to

follow would be to study the control and use rather than the elimination of oscil-

lation. Measurements indicate that a work cycle over and above the steady-state work

cycle is involved in the oscillatory motion; therefore, there is clearly a large

quantity of energy added to the gas in part in the form of additional mixing. Com-

bustors designed to operate at low over-all fuel-air ratios have been shown to per-

form best if the combustion occurs in mixtures near stoichiometrie with the combus-

tion products subsequently dlluted wlth the remainder of the air. The screech cycle

mi6ht well be used to expedite this mixing. It is not clear how much of this extra

enerc_ is directly available for producing thrust.

References 6 and 15 show that in the case of screech the maximum pressure ampi-

rude in a transverse oscillation occurred in a very short region relative to the

over-all length of the eombustor. If the burner were strengthened only in this

region to allow for continuous operation without shell failure, the increased com-

bustion efficiencies accompanying screech might be retained without a prohibitive

weight penalty.

In recent years, the pulse jet has not been considered a high-priority pro-

pulsive unit. Consequently, propulsive units employing intermittent combustion have

not been the subject of intensive investigation. In view of the multiplicity of

possible modes of oscillation in cavities of various shapes, it might be concluded

that some high-frequency combustor oscillation exists that offers advantages over

and above those of the pulse jet or the ram Jet. Oscillations in cQmbustors have

appeared in many forms since the advent of Jet propulsion. It would seem a safe

guess that still more and different appearances lle ahead. A great deal of work

on momentum and mass transport, combustion, and allied subjects in a nonsteady, non-

homogeneous flow field is needed before the current and future oscillations in com-

bustors can be intelligently handled.
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TABLEVIII-I. - VALUES OF c_, n FOR THE LOWER RADIAL,

TRANSVERSE, AND COMPOUND MODES

Values of _ for n of

0 1 2 3 4

0.0000

•5861

.9722

i. 3373

i. 69 26

1.2197

1.6970

2.1546

2.5513

2.9S47

2.2551

2.7140

3.1734

3.6115

4.0368

5.2585

3.7261

4.1925

4.6428

5.0815

4. 241_I

4. 7312

5. 2036

5.6624

6.1103
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TABLE VIII-II. - SUGGESTED METHODS FOR CONTROLLING VARIOUS TYPES OF OSC_ON

o4

o4

Type of oscillation Control possibilities

Eesonance:

All modes

Longitudinal

Radial

Transverse

Helmholtz

Nonacoustic feedback:

Modulated fuel flow

Modulated fuel-alr ratio

Vortices shed from

upstream obstruction

Flow separation modulation

Relaxation oscillation

Detonation in boundary

Temperature distribution

reflections (exhaust)

Use of a fuel whose burning rate is not re-

sponsive to pressure and velocity
fluctuations

Absorption by tuned resonators

Absorption of sound at burner terminals
Stratification of flow to give transverse

variation of acoustic speed

Absorption of sound at burner wall or burner

center

Diffraction and reflection from temperature

variations (transverse)
Noncircular burner cross section

Nonconstant cross-sectional area

Diffraction of sound at burner wall by

corrugations, etc.

Nonreactive layer at wall and center

Nonconstant cross-sectional area

Absorption of sound at burper wslls

Nonreactive layer near wall

Diffuser design for negative pressure

recovery against flow slope

Long diffuser
Small combustion chamber

Controlled residence time

Increased injection pressure

Increased mixing length

Increased mlxinglength

Location of fuel injectors away from time-

varying velocities

Streamlining of obstructions

Location of obstructions farther upstream

Location of obstructions out of llne with

flame holder

Design to prevent separation

Removal of separation wake from reaction zone

Supercritical operation

Nonreactive boundary layer
Addition of chain-breaklng substance to

boundsa-y

Extra mixing for flat exhaust-temperature
profile



VIII-20 NACARME54107

1.0 • 9 .8 .6 .4 .2 0 -.2 -.4 -.6 -.8

I IIIii11111Iii1111 Pressure

Particle

motion

(a) First longitudinal mode.

1.O

ssure

-1.O

(b) First transverse mode.

PSt_oincle

sure

(c) First radial mode.

Particle

tion

Figure V_II-I. - Pressure contours _ particle motions for

fundamental modes of cylimdrloal duct (ref. 6).
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CHAPTER IX

SMOKE A/TD COKE FORMATION IN THE COMBUSTION OF HYDROCARBON-AIR MIXTURES

By Rose L. Schalla and Robert R. Hibbard

t_
o
_o
o

INTR 0DUCT I ON

There has been no consistent usage of the terms smoke, soot, carbon, carbon

deposits, or coke in referring to the solid products arising from the incomplete

combustion of hydrocarbon fuels. In studies of single combustors and engines, the

solids discharged with the exhaust gases are usually called smoke, and those de-

posited in the combustion chamber are usually called carbon, carbon deposits, or

coke. Since the so-called carbon and carbon deposits are not chemically pure, the

word carbon is restricted herein to the pure element. Therefore, in connection with

the bench-scale experiments in this chapter, smoke is defined as the solid product

sometimes formed in the gas phase during the incomplete combustion of hydrocarbon

fuels, and coke designates the solid product formed in the liquid phase from the

thermal breakdown or incomplete oxidation of hydrocarbons. This distinction between

coke and smoke is not as easily made in combustor studies, especially in regard to

coke. The deposits that adhere to eomhustor walls appear to consist of carbonaceous

mnterials formed in both gas and liquid phase. Therefore, for combustor work, smoke

is defined as the solid discharged with the exhaust gases and coke as the material

that adheres to the combustor walls.

Disposition of coke and formation of smoke are both undesirable in the operation

of turbojet combustors. Of the two factors, coke deposition presents the more ser-

ious problem because of its adverse effect on combustor performance and life. Ex-

cessive smoke has no effect on the engine but does offer a military tactical problem,

in that the presence of a smoke trail facilitates aircraft detection in combat.

Under very severe conditions, smoke may hamper landing-fleld operations or become a

nuisance to civilians. The loss in fuel heating value attributable to smoke and

coke is unimportant, even under the worst conditions. For example, the heaviest

coke 4eDosits foun4 in single combustor tests in reference i amounted to only 26.7

_'rams for 1240 pounds of fuel, or a loss of combustion efficiency of 0.004 percent

clue to coke deposits. Similar calculations have not been made for the loss due to

smoke, but reference 2 concludes that there is no loss in combustion efficiency

attributable to smoke.

In continuous-combustion engines, the tendency to form coke or smoke varies

more among petroleum-derived fuels than does any other combustion property except

volatility. There is very little difference in the fundamental flsme velocity,

minimum ignition energy, flammability limits, quenching distance, flame temperature,

or heat of combustion for various batches of fuel supplied under _ single specifi-

cation or even for fuels meeting different specifications. However, wide differ-

ences mmy occur in the coking and smoking tendencies, as well as the volatility, of

jet fuels.

In addition to coke and smoke considerations, the effect of fuel composition

on flame radiation may also be important. Carbon is the only solid that can be

formed in the combustion of hydrocarbons; and this solid can, under some burning

conditions, greatly affect the amount of radiation emitted by a flame. Radiative

heat transfer is an important consideration in engine design and, along with coking

and smoking tendencies, becomes increasingly important with high-compresslon engines.

The control of coke and smoke and of heat-transfer factors in turbojet engines

has been accomplished by proper combustor design and by the control of certain fuel
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properties. However,in this field of combustionresearch,a fruitful laboratory
studyof fundamentalfactors mayyield anunderstandingthat wouldfacilitate engine
design. Manyinvestigations havebeenconductedonboth the fuel andthe flameen-
vironmentalfactors contributing to smokeandcoke. Thegreater part of this work
hasdealt with burning in the gasphaseandtherefore with the formation of smoke.

From such work, the fuel factors affecting smoking tendency have been fairly well

defined. Relatively little has been done on a laboratory scale regarding coke forma-

tion because of the difficulties in simulating the engine conditions in which liquid

fuel impinges on hot metal in the presence of flame and flowing gases. This chapter

summarizes the laboratory phases of smoke and coke formation and describes the prop-

erties of these materials, the effect of variables on the formation of smoke and

coke, and the chemical mechanisms proposed for their formation.

PHYSICAL AND CHEMICAL NATURE OF SMOKE AND COKE

Smoke

Luminous hydrocarbon flames, distinct from so-called nonluminous ones, emit a

yellow radiation which has a black-body energy-wavelength distribution. This black-

body distribution can be emitted only by solids. The only possible solid products

from hydrocarbon combustion are either carbon or materials containing very high per-

centages of carbon. The presence of such materials in luminous flames is confirmed

by the deposits formed on a cold probe passed through such a flame. Under some con-

ditions, the solids are released from luminous flames as smoke.

These materials are formed during the combustion of hydrocarbons only when the

system is fuel-rich, either over-all or locally. Therefore, the most familiar types

of solid-forming combustion processes are the candle or wick-lamp diffusion flames,

where fuel alone is released locally and burns after diffusive mixing with oxygen.

These hydrocarbon diffusion flames are always luminous at atmospheric pressure and

are often smoky. Premixed fuel-oxidant systems, such as the Bunsen burner, are not

luminous unless they are operated fuel-rich over-all. For example, in reference 3

premixed benzene-air flames were found to be luminous only when the equivalence ratio

exceeded 1.4 and to be smoky only at higher ratios.

The smoke released during smoky combustion is not pure carbon but has been shown

by chemical analysis to be a combination of carbon, hydrogen, and oxygen. A typical

analysis (ref. 3) shows 98.2 percent carbon and 0.8 percent hydrogen, with the re-

mainder believed to be oxygen. Similar results have been obtained in the analysis

of carbon blacks, which are the products of smoky combustion in diffusion flames.

Hydrocarbon-derived smoke is crystalline on a submicroscopic scale. X-ray dif-

fraction studies show the basic element to be a crystallite with a major edge length

of about 20 angstroms (ref. 4). The atomic structure consists of several layers of

distorted hexagonal lattices, with the lattice substantially the same as that found

in the graphite form of carbon. The distortion is believed to be due to the presence

of about 1 atom of hydrogen for every lO atoms of carbon, and the preceding elemental

analysis has approximately this hydrogen-to-carbon atom ratio.

When the same smoke was examined by electron microscopy (ref. 3), these crys-

tallites were shown to be agglomerated into nearly spherical particles of O.01 to

l.O micron (lO0 to 10,O00 A) diameter. These spheres, produced in a burner under a

single set of conditions, were quite uniform in diameter and clung together to form

an open, lace-llke structure.

Although the turbojet combustor operates with an over-all fuel-lean mixture, a

large _mount of the burning reaction takes place in locally fuel-rlch regions.

o

o
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These re@ions are present because all the fuel enters the upstream end of the com-

bustor, whereas the air-entry holes are distributed along the full length of the

combustor. Flame in the rich upstream end is highly luminous under many operating

conditions, and the environment in this region should be conducive to the formation

of large amounts of smoke. Since only small amounts of smoke, if any, are exhausted

from most turbojet engines, it appears that much of the smoke probably produced in

the upstream end of the combustor is consumed in passage through the burner.

In reference 5, the capacity of laboratory flames in the burning of smoke was

stu<!ied, and a stream of smoke, freshly produced by a diffusion flame, was easily

burned by a secondary Bunsen flame. High concentrations of smoke can be consumed

in this manner. This is apparently confirmed by electron micrographs of turbojet

combustion smoke, in which the particles look like partially eroded spheres (ref. 5).

Their appearance suggests that spherical smoke particles are generated in the engine

primary zone and that these particles are largely burned away in passing through

the engine.

Coke

The coke found in turbojet combustors varies in nature from soft, fluffy ma-

terial to hard, brittle deposits. Typical analyses of these types (ref. 5) show the

soft coke to contain 80.0 percent carbon and 2.0 percent hydrogen, and the hard coke

to contain 92.4 and 1.6 percent of carbon and hydrogen, respectively. The remainder

is believed to be mostly oxygen and a small amount of sulfur. Unpublished NACA data

show that the sulfur content of combustor cokes varies with the sulfur content of

the fuel. For example, coke-deposition tests were run on a fuel containing 0.05

percent sulfur and on the same fuel to which alkyl disulfides were added to raise

the sulfur content to 1.00 percent. The amount of coke formed was substantially

the same for both fuels, but the sulfur contents of the cokes were 0.7 and 2.4 per-

cent, respectively. Unpublished NACA data also show that combustor cokes contain

_5 to 50 percent of material that is soluble in carbon disulfide. This soluble ma-

terial contains aromatic rings and a considerable amount of carbonyl oxygen, as _n-

dicated by infrared examination of the extract.

X-ray diffraction studies indicate that combustor coke has some of the crystal-

line character described for smoke. Electron microscopy (ref. 5) indicates that the

soft coke consists of nearly spherical particles imbedded in an amorphous matrix.

However, the hard coke is a vitreous material with no perceptible microstructure.

Soft combustor coke may be made up of a large amount of true smoke formed in

the gas phase and bound to the combustor by tars formed during the liquid-phase

pyrolysis of fuels. Hard combustor coke may be largely the product of the liquid-

phase degradation of fuel but may contain some smoke trapped in this product. Pos-

sible mechanisms of coke formation are discussed in a subsequent portion of this

chapter.

EFFECT OF OPERATING VARIABLES ON SMOKING TENDENCY

Burner Geometry

Diffusion flames. - The two principal types of apparatus used to study the

smoking tendency of diffusion flames are the wick lamp and the conical or open-cup

burner. Of these two methods, the wick lamp has been used more extensively; how-

ever, the exact design of this lamp has varied appreciably from one investigation

to another. The Davis factor lamp was one of the earliest wick lamps to be developed

(1926). This lamp was later modified (ref. _) and used for smoking-point determi-

nations as recently as 1952 (ref. 7). In 1935 a test lamp (ref. 8) was standardized
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by the Institute of PetroleumTechnologists(I.P.T.) andhasbeenemployedby sev-
eral investigators (refs. 9 andi0). This I.P.T. lampis usedin the current U.S.
military fuel procurementspecifications andis nowbeing cooperativelytested by
the AmericanSocietyfor TestingMaterials. Thefairly simplelampshownin figure
IX-1 is a combinationof the Davisapparatusandthe I.P.T. lamp(usedin ref. ll).
A comparisonof the data obtainedwith the various wick lamps and accessory equip-

ment indicates that smoking tendencies depend on the geometry of the apparatus and

that no simple comparison can be made between smoke-point data obtained with dif-

ferent lamps.

The conical or open-cup lamp is often referred to as the wickless lamp, since

the flame burns directly from the top of a pool of liquid fuel contained in a shal-

low funnel or cup-shaped vessel. Development of the wickless burner is described

in reference 12 and similar burners have been used for investigations reported in

references 15 and 14.

The main advantage of the wickless lamp is that it can be used for the compar-

ison of less smoky fuels, since flame heights up to 450 millimeters may be measured;

whereas, the Davis wick lamp is limited to 102, and the I.P.T. lamp to about 50

millimeters. A comparison of the I.P.T. lamp and the wickless lamp (ref. 10) shows

that the smoking points of various fuels measured by the two methods gave a fair

correlation, but the correlation appeared logarithmic rather than linear. Refer-

ence lO reports that the wickless lamp is much more difficult to operate than the

I.P.T. lamp and recommends that it be used only when the range of the I.P.T. lamp
is exceeded.

With all types of diffusion burners, the flame is enclosed by a glass tube that

acts as a chimney and keeps the flame erect and stable. The size and position of

this chimney greatly influence the smoking point of the flame.

The general procedure in using any of these lamps is to increase the fuel flow

until the flame Just begins to smoke. The smoke point may be detected visually, or

an ice-cooled porcelain surface may be placed above the flame to collect and indi-

cate the presence of smoke. A measure of the smokiness of the fuel may be made in

several ways. The technique usually employed is to measure the maximum height to

which the flame will burn without smoking; however, in two investigations (refs. 3

and 10), measurements were made of the maximum rate at which fuel can be burned

without smoking. A comparison of the two techniques (ref. 10) indicates that the

maximum burning rate is readily obtained and is more reproducible than the smoke-

height test. It also represents more closely the information desired by the test,

namely, the relative amount of fuel that can be burned under standardized conditions

before smoke becomes a problem. Only when illumination is concerned does the height

of the flame become a significant factor. The smoke-height test, however, is some-

what more convenient to use and therefore has been adopted in the A.S.T.M. pro-

eedure. Another method (ref. 13) is to pass a light beam through the chimney in

which the smoke is issuing from the flame. A photoelectric cell indicates the amount

of light absorbed and, consequently, a measure of the smokiness of the fuel. Also,

the smoke issuing from various aromatic fuels burning at a given fuel flow has been

collected and weighed (ref. 14). The greater the amount of smoke collected, the

higher the smoking tendency of the fuel.

As previously stated, the smoke point is generally determined by measuring the

maximum height or maximum fuel rate at which the flame will burn without smoking.

The higher the flame or the greater the fuel-flow rate, the lower the tendency for

that fuel to smoke. Consequently, the smoking tendency is an inverse function of

the flame height or fuel flow. Reference 15 defines smoking tendency St as equal

to a constant k over the maximum flame height h (in millimeters) and assigns the
value of 520 to k:

o
c_
o
_o
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The value of k is unimportant in the following discussion, but the distinction

between maximum flame height and the concept of smoking tendency should be noted.

Bunsen flames. - The smoking tendencies of Bunsen flames are reported in ref-

erences 3, 13, and 16. In reference 16 a continuous-flow apparatus was used in

which steady streams of both volatile and nonvolatile fuels could be mixed with

air either as vapors or as mist droplets, according to their vapor pressures. The

fuel-air mixture was passed up a vertical tube after generation and burned on top

in primary air only. The composition of the mixture was determined by analyzing

the exhaust gases.

In the investigations reported in references 3 and 13 the fuel was metered from

a burette and mixed with metered air. The premixed fuel and air were then burned

from a tube surrounded by a glass tube chimney. The effect of varying the burner-

tube inside diameter from 6 to 9 millimeters was investigated in reference 3, and

showed that the smoking tendency was slightly reduced as the burner-tube diameter

was decreased. The influence of chimney length, diameter, and position with respect

to the flame was also reported in reference 3. Increasing the chimney length from

120 to 500 millimeters caused a reduction in smoking tendency. Changes in the diam-

eter and position of the chimney gave varied results, depending on the convection in

the chimney. In general, all chimney variabl@s that reduced smoke formation did so

by generating a flue effect which tended to flow more air around the flame. If the

burner tube was ducted so that a controlled secondary-air flow could be passed by

the flame, the smoking tendency was reduced as the secondary-air flow was increased.

Fuel-Air Ratio

Diffusion flames. - The effect of over-all fuel-air ratio on the smoking tend-

ency of laminar diffusion flames has been investigated by two different techniques.

In reference 14, the air supply past the flame was maintained constant and the smoke

issuing from the flame was collected at various increasing fuel flows. A plot of

the smoke deposit against the fuel-air ratio is shown in figure IX-2. Since the air

flow was constant, the ordinate is essentially a measure of the fuel flow. As shown

in this figure, the initial increase in fuel flow produces a sharp increase in the

amount of smoke collected. As higher fuel flows are reached, the amount of smoke

produced appears to level off.

In another controlled-air study with diffusion flames (ref. 3), the alr-flow

rate past the flame was increased by gradual steps, and a determination was made of

the maximum rate at which the fuel could he burned without smoking at each given

air flow. In figure 10(-3, the maximum fuel rate for smoke-free burning is plotted

against the alr-flow rate for eight pure hydrocarbon fuels. With initial increases

in air flow, the maximum smoke-free fuel flow increases proportionally, but eventually

a limiting fuel flow is reached at which further increases in air flow past the flame

do not permit more fuel to burn smoke-free.

Bunsen flames. - The effect of fuel-air ratio on smoke formation from Bunsen

flames is reported in reference 13. A measure of the smoke density of the fuel was

made by passing a light beam through the chimney in which the smoke was issuing from

the flame. A photoelectric cell indicated the amount of light absorbed as a meas-

ure of the smoke formation. In this burner, the paraffins, cycloparaffins, and

olefins, with the exception of triisobutylene, could not be made to smoke even at
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the maximumfuel-air ratio that wouldsupportcombustion.Figure IX-4 showsthe
variation of smoke (percent light absorbed) against the fuel-air ratio for kerosene

and aromatic and dicyclic compounds. The air flow premixed with the fuel was held

constant at 4.1,O.1 liters per minute, and the fuel flow was increased to give the

fuel-air ratios indicated. The aromatic and dicyclic compounds began to smoke at

approximately stoichiometric fuel-air ratios. Within experimental error, smoke for-

mation from a Bunsen flame appears to be a linear function of the fuel-air ratio.

Temperature

Diffusion flames. - An investigation (ref. 9) of the effect of ambient temper-

ature on the smoke point of five fuels burning as diffusion flames at three temper-

atures (0 °, 70 °, and 90 ° F) showed the smoke point to be independent of temperature

in the range between 0 ° and 90 ° F. Nor did the preheating of gases burning as dif-

fusion flames to 375 ° F change the smoking tendency (ref. 3).

Bunsen flames. - In references 5 and 16 the effect of temperature on the smoking

tendency of Bunsen flames was studied. The fuel-air ratio at which incandescent

carbon was first observed, and also the fuel-air ratio at which smoke actually issued

from the flame were determined (ref. 5). Over a temperature range of 82 ° to 842 ° F,

the point at which smoke issued from a premixed benzene flame was independent of

temperature. However, the first appearance of yellow incandescent carbon in the

flame occurred at slightly higher fuel-air ratios as the temperature was increased

over this range.

In reference 16, only the appearance of yellow incandescent carbon in the flame

was used to measure the effect of temperature on propane, propene, benzene, and

kerosene flames. Over a temperature range of -40 ° to 925 ° F, incandescent carbon

in the flame appeared at slightly higher fuel-air ratios as the temperature was

increased.

O_

o

Pressure

Diffusion flames. - Studies of the effect of pressure on smoke formation from

diffusion flames are reported in references 3, 9, and 17. The investigation of ref-

erence 17 was limited to acetylene; and that of reference 9 to petroleum fractions.

The work of both reference 9 and 17 was conducted at pressures below atmospheric;

and in both investigations, the tendency to smoke decreased with decreasing pressure.

In reference B are reported smoking tendencies for six pure hydrocarbons, a JP-4

fuel, and two blends of n-octane and toluene over a pressure range of about 0.5 to

4 atmospheres. For two of the pure hydrocarbons, l-octene and j-octane, the pres-

sure range was extended to 9 and 12 atmospheres, respectively. Ethane and ethene

were studied over a pressure range of 4 to 22 atmospheres. The maximum relative

rate at which all fuels could be burned without smoking decreased consistently with

increasing pressure. Typical results are shown in figure 13(-5. The data in refer-

ence 3 show that the product of the smoke-free fuel flow and the pressure is a con-

stant, or, in other words, that the smoke-free fuel flow is inversely proportional

to the pressure. Since diffusion coefficients are also inversely proportional to

the pressure, it was concluded that the rate of diffusion and, consequently, the

rate of mixing of fuel and air may account for the variation in smoke formation with

pressure.

Bunsen flames. - In a spectroscopic study of a premixed ethene flame (ref. 18),

it was observed that smoke started to form as the pressure was increased. In ref-

erence 19 (p. 170), the formation of smoke from an acetylene-oxygen flame at various
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pressures was studied, and it was concluded that the effect of pressure on smoke

formation from Bunsen flames is probably slight. The effects that reference 18 ob-

served were attributed to changes in experimental parameters such as mass flow and

the influence of the burner wall. Since the results of the diffusion-flame study

(ref. 3) indicate that the increase in smoke formation with pressure results from

the decreases in diffusion coefficients with pressure, the smoke formation from a

Bunsen flame, which contains all its oxygen, should be independent of pressure if

outside diffusion effects are eliminated.

EFFECT OF FUEL VARIABLES ON SMOKING TENDENCY

Effect of Hydrocarbon Type on Diffusion Flames

One of the first studies to indicate the importance of fuel type on smoke forma-

tion is reported in reference 20. The influence of fuel type on smoke has been more

extensively investigated, and data have been reported for pure liquid hydrocarbons

(refs. 3, 7, 12, 14, and 15) and pure gaseous hydrocarbons (ref. 3). Since each in-

vestigator employed a different apparatus, no absolute or standardized values are

available; however, certain consistent trends have become apparent. For the pure

hydrocarbon compounds, the smoking tendency among the four major homologous series

varies as follows: aromatics > alkynes > monoolefins > j-paraffins.

The magnitude of the variations in smoking tendency among the aromatic, olefin,

and paraffin series is illustrated in the following table:

Reference

12

3

7

Ratio of smoking tendency

Aromatic Olefin to Aromatic to

to olefin paraffin paraffin

6.2 2.61 16.2

13.6 2.34 31.8

15.7 1.51 23.7

The smoking tendency of the average aromatic is reported to be from 6.2 to 15.7

times greater than for the olefins, and 16.2 to 31.8 times greater than for the

paraffins. The smoking tendency of the olefins is about twice that of the paraffins.

The lack of quantitative agreement becomes readily apparent from examining the values

in the table. The variations within the aromatic, alkyne, olefin, and paraffin

series are discussed in the following paragraphs.

Aromatics. - As the preceding table indicates, the aromatic compounds have the

greatest smoking tendency of the various classes of fuels. With benzene as a refer-

ence, the smoking tendency generally increases with the addition of a side chain of

one or two carbon atoms; but with a sufficiently long side chain, the smoking tend-

ency is reduced. The total range of flame heights among the aromatic compounds,

however, is very small. For example, most investigators report the smoke-point

flame height of benzene to be between 5 and l0 millimeters. The aromatics of higher

smoking tendency have flame heights ranging down to about 3 millimeters; and those

of lesser smoking tendency, up to 12 millimeters. The total range of 3 to 12 milli-

meters is not very great compared with an average paraffin such as hexane with a

flame height of 150 millimeters. The experimental error, percentagewise, in meas-

uring flames as small as 3 to 12 millimeters is very large. Since the aromatics

have an essentially uniform smoke point, it is difficult to make a satisfactory dif-

ferentiation among the various aromatic structures.
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Hunt (ref. 7) attempted to overcome this difficulty by studying blends contain-

ing 20 percent of various aromatics in n-dodecane. This procedure increased the

flame height of the benzene blend to 66-millimeters. Blends of about 30 other aro-

matic and naphthalene compounds were studied in this manner; flame heights ranged
from 36 to 81 millimeters. Differences in smoke heights were thus magnified suffi-

ciently to eliminate most experimental errors and permit a definite distinction to

be made in smoke points among various aromatic structures. In figure IX-6, the

variations in flame heights for 20 percent blends of 30 aromatic compounds are

plotted against the number of carbon atoms in the compound. Figure IX-6 emphasizes
that substitution on the benzene ring may cause an increase or decrease in the smoke

point, depending on the nature of the substituted group. Naphthalene and substituted

naphthalene compounds definitely exhibit a greater tendency to smoke than the
aromatics.

Alkynes. - Smoke-point data for the alkynes are limited. Reference 3 reports
the smoking tendency for acetylene, 1-propyue, 1-pentyue, and 1-hexyne. The smok-

ing tendencies decreased slightly with increasing chain length and were of about

the same order of magnitude as for the aromatics. Comparison of 1-octyue and 1-

dodecyne (ref. 7) showed a decrease in smoking tendency with increasing chain length;

however, the smoking tendency for these two alkynes was appreciably less than for
the aromatics.

Monoolefins. - All the investigators have reported the monoolefins to be appre-

ciably less smoky than the aromatics but of higher smoking tendency than the £-

paraffins. From the data of reference 5, the smoking tendency is reported to in-

crease from ethene to butene. References 3, 12, and 15 indicate that, with olefins

of five or more carbon atoms, the smoking tendency decreases with increasing chain

length. Data from reference 7 indicate that the smoking tendency is essentially
constant for all the olefins above five carbon atoms. The effect of the position

of the double bond, in the one and two position only, is reported by reference 7

where 2-heptene is shown to have a slightly higher smoking tendency than 1-heptene;

however, the difference is less than 6 percent. 1-Octene and 2-octene showed the

same smoking tendency (ref. 7).

Diolefins. - Diolefins (refs. 3 and 15) have appreciably higher smoking tend-

encies than the monoolefins. The smoking tendency of 1,3-butadiene is higher than
most aromatics (ref. 5). As the chain is lengthened, the smoking tendency decreases.

Cycloolefins. - Cyclohexene has a somewhat higher smoking tendency than l-
hexene (ref. 5). Cyclopentene, however, has an appreciably higher smoking tendency

than cyclohexene or 1-pentene, and forms almost as much smoke as the aromatics.

Paraffins. - The _-paraffins are consistently reported to have a lower smoking
tendency than any of the other homologous series. The smoking tendency increases

with increasing chain length. From ethane to hexane, the increase in smoking tend-

ency is over i00 percent (ref. 5); while, for compounds of 6 to 15 carbon atoms,

the increase is generally about i0 percent.

If the paraffin chain is branched, the smoking tendency increases markedly.

In fact, a highly branched compound such as isooctane (2,2,4-trimethylpentane) has

a higher smoking tendency than a monoolefin of corresponding number of carbon atoms

ref. 7). 2,2-Dimethylpropane has a smoking tendency almost as great as 1-pentene
ref 3). The smoke points for several isomeric paraffins are plotted and compared

with similar data for _-paraffins and _-olefins in figure IX-7 (ref. 7).

Cycloparaffins. - Cycloparaffins produce more smoke than the £-paraffins; the
smoking tendency decreases with increasing ring size from three to six carbon atoms

(ref. 3). The addition of a short side chain to the ring increases the smoking

o
_

o
w_
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tendency; but, as the length of the side chain is increased, the smoking tendency is

reduced slightly. Cyclopentane with a side chain of i0 carbon atoms (decylcyclo-

pentane) has about the same smoking tendency as cyclopentane (ref. 7).

Summar[. - The smoking tendency decreases as follows: aromatics > alkynes >

olefins > j-paraffins:

(i) All the aromatics have a fairly uniform and extremely high smoking tend-

ency. From an average of three investigations, the aromatics are about 12 times as

smoky as the olefins and about 24 times as smoky as the J-paraffins.

(2) The alkynes lie between the aromatics and the monoolefins, with the smok-

ing tendency decreasing with increasing chain length.

(5) The smoking tendency of the monoolefins increases from ethene to butene

and then decreases with increasing chain length. The olefins are about 1/12 as

smoky as the aromatics, but about twice as smoky as the j-paraffins. Branching,

ring formation, and additional double bonds increase the smoking tendency.

(4) The j-paraffins have a lower smoking tendency than any of the other homol-

ogous series. The smoking tendency increases with increasing chain length, branch-

ing, and ring formation.

H_irocarbon blends and refiner Y streams, - The smoke points of two component

blends of pure hydrocarbons are reported in references 7, 9, and 10. As an example

of such blending smoke-point data, figure IX-8 shows the smoke points for 0 to i00

percent blends of se___c-butylbenzene and of e-methylnaphthalene in n-dodecane (ref.

7). Although the smoke points of the two pure aromatics differ by only 2 milli-

meters, the blending curves are different. For example, at a 20 percent aromatic

concentration, the smoke point of the sec-butylbenzene blend is about 74, whereas

that of the _-methylnaphthalene blend is only 57. The marked effect of the aromatic

on the smoke point of paraffins is also apparent. For example, a 20 percent addi-

tion of the aromatic reduces the flame height of n-dodecane by about 50 percent or

greater. When the concentration of _-methylnapht_alene is 50 percent, the smoke

point of the blend is substantially that of the pure aromatic.

Smoking tendencies for various refinery fractions are reported in references 9

to ll, 15 and 20. The early studies were used to evaluate the illumination quality

of kerosene-type fuels burning in lamps. The major interest in smoke-point data in

the last several years has resulted from the demand for clean-burning Jet fuels.

The smoking points of 48 Jet fuels and the fuel-inspection data for these fuels are

reported in reference 9. Reference ll reports the flame-height smoke point for jet

fuels to be about 15 to 50 millimeters, compared with 6 or 7 millimeters for aro-

matics and 77 millimeters for commercial isoheptane.

Effect of Hydrocarbon Type on Bunsen Flames

Measurements of variations in smoke formation of various hydrocarbons are re-

ported in references 15 and 16. Since in reference 13 the paraffins, cycloparaffins,

and olefins could not be made to smoke even at the maximum fuel-air ratio that would

support combustion, these fuels appear to be less smoky than the aromatics and other

fuels shown in figure IX-4. In general, the smoking tendency of the fuels shown in

figure IX-4 are in the same relation to each other as in diffusion-flame studies.

The aromatics show a fairly uniform smoking tendency, as was the case in diffusion

flames.
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Reference 16 reports determination of the critical fuel-air ratio that would

Just cause a yellow streak of incandescent carbon to appear in Bunsen flames of

various hydrocarbon and oxygenated compounds. The appearance of this yellow streak
in the flame, of course, occurs at considerably lower fuel-air ratios than the ac-

tual emission of smoke. The results of reference 16 are shown in figure IX-9,
where the critical air-fuel ratio is plotted against the number of carbon atoms in

the compound. The higher the position of a fuel on this plot, the greater is its
tendency to form an incandescent streak of carbon.

The values for the aromatics, instead of being decidedly worse than the other

fuels, are similar to the paraffins, isoparaffins, and olefins. The order of these

last three series is the reverse of that observed in diffusion studies. The order

of decalin with respect to the substituted naphthalenes and the aromatics differs

from the Bunsen work of reference 13 (see fig. IX-4). The variation with respect

to the data in figure IX-4 may be explained by the fact that the appearance of yel-
low incandescent carbon in the flame and not the emission of smoke was measured in

reference 16. It is probable that these two types of measurements would not be di-

rectly proportional. If they are, however, the effect of fuel type on smoke forma-

tion as measured by Bunsen and diffusion flames appears appreciably different.

O

Methods of Correlating Smoking Tendency with Hydrocarbon Structure in

Diffusion Flames

Several methods of predicting or explaining the variation of smoking tendency

among different fuel types have been proposed. An equation based on the oxygen re-
quirements of diffusion flames was developed in reference 15 to predict the maximum

smoke-free flame height h (the constants apply only for this particular apparatus):

h = (x + 5) 2

56.1 xy + 54.9 - 26.65 x 2
(i)

where

x molecular volume of combustion products

y molecular volume of oxygen

While this equation predicts qualitative trends among the various series quite ac-
curately, it does not predict the magnitude by which one series differs from another

as reported experimentally. Some of the trends within the series - for example, the

effect of branching and ring formation - would not be predicted by the equation.

Modification of the equation to fit the apparatus in use may be of some practical

value for making qualitative comparison, but, with respect to theory, the equation

does not explain the effect of differences in fuel type such as branching.

The relation between the tendency to smoke and the carbon-hydrogen ratio of

the compound is discussed in reference 12. It is indicated that, in general, com-
pounds of high C-H ratio show a higher smoking tendency than compounds of low C-H

ratio. This particular correlation, which gives good qualitative agreement, has

been used in predicting combustor coke deposition (ref. Zl). Like equation (i),
however, it does not explain the differences resulting from such factors as branch-

ing and ring formation; consequently, in reference 12 the smokiness of the hydro-
carbon molecule is attributed to its compactness.
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References 3 and 22 suggest that smoking tendencies may be related to the

relative ease of removal of hydrogen atoms compared to the stability of the carbon

chain or skeleton of the molecule. A true measure of the stability of the carbon

skeleton is difficult to obtain but can be represented to some extent by the

carbon-carbon bond strengths. A comparison of the stability as measured by bond

strengths is shown in figure IX-lO and appears to give good qualitative agreement

with the smoking tendencies. If all the factors contributing to the stability of

the carbon chain could be evaluated and assessed, the agreement might be better.

c_
o
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Effect of Nonhydrocarbon Components

Diffusion flames. - Petroleum-derived fuels may contain small quantities of

organic sulfur, nitrogen, and oxygen compounds. The maximum amount of sulfur per-

mitted by the current military fuel specifications is 0.2 percent for JP-I, 0.4

percent for JP-3 and JP-4, and 0.5 percent for JP-5. Concentration limits for ni-

trogen and oxygen are not specified but are not likely to exceed 0.i and 0.5 per-

cent, respectively.

Smoke-point data for some sulfur compounds are reported in reference 7, and

for some nitrogen compounds, in references 7 and 12. Both the alkyl-substituted

sulfur compounds (mercaptans and disulfides) and the alkyl-substituted nitrogen

compounds (amines) have smoking tendencies somewhat higher than their hydrocarbon

analogs. The aryl mercaptans and sulfides have smoking tendencies substantially

the same, and the aryl amines appreciably lower than their parent hydrocarbons.

A thorough study of oxygen-containing compounds is reported in reference 12.

In general, increasing the oxygen content results in decreasing smoking tendency.

Compounds containing high percentages of oxygen, such as methyl acetate, smoke only

at very great flame heights. Methyl alcohol cannot be made to smoke at all; and,

at equal oxygen concentration, the general order for increasing tendency to smoke

is _-primary alcohols, _-primary nitroparaffins, propionates, acetates, lactates,

and formates.

In general, the concentrations of sulfur, nitrogen, and oxygen are so low in

conventional hydrocarbon fuels that the presence of these impurities does not meas-

urably affect the smoking tendency of the fuel.

Bunsen flames. - Aryl amines and oxygenated compounds were investigated in

Bunsen flames in reference 16. The results are shown in figure IX-9. The values

for the aryl amines are not appreciably different from those of their hydrocarbon

analogs. The oxygenated compounds show increasing air-fuel ratio with increasing

number of carbon atoms in the molecule, the alcohols requiring a higher air-fuel

ratio than aldehydes or ketones of a similar number of carbon atoms.

Effect of Additives

Diffusion flames. - Relatively little information is available on the effect of

additives on the smoking characteristics of hydrocarbon flames. This effect may

differ between diffusion and Bunsen type flames. Additions of the order of 5 per-

cent of sulfur trioxide are required to measurably reduce the smoking tendency of a

diffusion flame (ref. 23), but as little as 0.i percent of this gas will change a

nonluminous Bunsen flame to a luminous one (ref. 19, p. 173). However, the actions

of sulfur dioxide and hydrogen sulfide are similar in both type flames; and, with

concentrations of the order of 5 percent, slight reductions in smoking tendency of

diffusion flames and decreases in the luminosity for Bunsen flames were observed



IX-12 NACARME54107

(ref. 19, p. 173). Reference23proposesthat the oxidesof sulfur reduce smoke

formation in a diffusion flame by being first converted to S 2 molecules which then

react with carbon to form CS.

A few other substances, such as nitric oxide, nitrogen dioxide, diethyl perox-

ide, and tetraethyl lead, have been tested as additives but have produced no strik-

ing effects in regard to smoke formation from diffusion flames (ref. 19, p. 173).

In _eneral, no additive is known which, when used in small concentrations, will meas-

urably change the smoking tendencies of hydrocarbon diffusion flames.

Bunsen flames. - In reference 18, which used the first appearance of Incandes-

ceot carbon in the flame as a measure of smoking tendency, no additive was found

that had any significant effect on the fuel-alr ratio in concentrations under 1 per-

cent by weight. Addition in quantities over lO percent by weight may have an ap-

preciable effect. Halogenated compounds, sulfuric acid, and sulfur trioxide increase

the fraction of stoichiometric air required to inhibit carbon formation; nitrogen

peroxide, carbon monoxide, tetraethyl lead, methyl alcohol, methylethyl ketone, and

amyl nitrate have the opposite effect; sulfur dioxide, carbon dioxide, and water

have no effect; carbon disulfide has no effect on kerosene flames but increases the

fraction of stoichiometric air required in benzene flames. Sulfur dioxide, though

having no effect on the critical air-fuel ratio, appears to reduce the amount of

carbon formed in flames of rich mixtures.

o
o_
o

THEORIES OF SMOKE AND COKE FORMATION

Smoke

In the preceding sections it was proposed that the relative ease of removal of

hydrogen atoms from the molecule as compared with the breaking of carbon bonds is

responsible for the variations in smoking among different fuel types burning as dif-

fusion flames. This proposal suggests that the thermal and oxidative dehydrogenation

processes, which occur very early in the burning process, influence the further course

of smoke formation. The thermal dehydrogenation probably occurs as soon as the fuel

enters a laminar diffusion flame, because the fuel is heated to temperatures of the

order of 1500 ° F or higher before coming in contact with oxygen. Active decomposition

particles, then, further promote dehydrogenation processes.

Other investigators have considered the importance of dehydrogenation reactions

and tend to support this proposal. For example, the energy requirements for removal

of a hydrogen atom from an acetylene molecule by a free hydrogen atom,

H + C2H2 _H 2 + C2H

were considered in reference 24. This reaction has an activation energy of only

kilocalories per mole, which indicates that it could easily occur. Activation ener-

gies for the reaction of hydrogen atoms with various other hydrocarbon compounds are

of similar magnitude (ref. 25).

It was observed in reference 26 that suppression of the hydrogen-atom concen-

tration in flames accompanies the suppression of smoke formation. Thus, smoke for-

mation could be prevented by reactions that consume hydrogen atoms or render them

ineffective. Reference 27 suggests that smoke formation could be suppressed by car-

bon monoxide and nitrogen, which serve as nuclei for the recomblnatlon and removal

of hydrogen atoms. Reference 14 reports that, in addition to hydrogen atoms, other

atoms and radicals such as those found in the pyrolysis of halogen compounds also

increase smoke formation. All these active species probably promote polymerization
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reactions leading to smoke by stripping hydrogen from the fuel molecules. Even if

halogen atoms react with and remove some of the hydrogen atoms, the concentration

of fuel molecules is so much greater than the concentration of the short-lived hy-

drogen atoms that the dehydrogenation process predominates. It is therefore pro-

posed that the removal of hydrogen atoms from the fuel molecules both by thermal

processes and by active atoms is probably the initial process involved in the forma-

tion of smoke.

The steps that might occur after total or partial dehydrogenation are contro-

versial. Since aromatics have the greatest smoking tendencies, and since the graph-

ite structure of carbon particles resembles the molecular structure of the multi-

ringed homologs of benzene, the formation of smoke by a build-up of aromatic ring

structures has been suggested (ref. 28). This theory is not opposed to the initial

step of hydrogen removal, since the fuels would have to lose some hydrogen atoms be-

fore a polymerization of the rings might begin. However, absorption spectroscopic

examinations of a benzene flame in the ultraviolet region (ref. 17) indicate that

benzene is consumed in the lowest portion of the flame and that an appreciable gap

exists between the disappearance of benzene and the appearance of smoke particles.

No intermediate aromatic products, which should be readily detectable in the ultra-

viclet, are found in this region. The absence of aromatic intermediates in this gap

is evidence against the ring-building theory.

Thorp, Long, and Garner (ref. 29) analyzed the smoke from a flat benzene flame

and found dlphenyl to be present, thus supporting the aromatic-ring-building theory;

but in later work (ref. 50) they did not find diphenyl present in the products of

the soots from paraffinic or naphthenic fuels. Consequently, it is unlikely that

carbon formation in hydrocarbon diffusion flames occurs through diphenyl, the poly-
phenyls, or the polycyclic aromatics as intermediate compounds (ref. 30).

Parker and Wolfhard (ref. 17) reject the aromatic-ring-building theory_ but they

have proposed as mechanisms for smoke formation (i) the formation of large molecules

that may graphitize from within, or (2) an increase in the concentration of moderately

high-molecular-weight hydrocarbons until the saturation vapor pressure is reached,

at which time condensation occurs to form a mist of droplets that form nuclei and

graphitize. Observations on the physical _ature of smoke (ref. 51) show that the

first mechanism is improbable. Frazee and Anderson (ref. 24) object to both mecha-

nlsms, on the basis of prohibitive energy requirements and other considerations.

Porter (ref. 52) concludes from considerations based on the time available for po]y-

merization and on the nature of the smoke formed that the droplet-formation mechanism

or polymerization mechanisms in general do not contribute to smoke formation to any

significant extent in ordinary diffusion flames.

Porter (ref. 32) believes, instead, that fuels in combustion waves first de-

compose to form lower-molecular-weight hydrocarbons such as acetylene as a result

of both thermal decomposition and partial oxidation. By rapid adiabatic photolysis

he obtained rates of liberation of heat and active particles in a reaction vessel

comparable with those which occur in flames. A rapid quenching resulted in the re-

tention of a fraction of all stable intermediates. Complete analysis of the prod-

ucts showed no higher hydrocarbons. Porter therefore proposes a series of reactions:

C2H 6 *C2H 4 _ C2H 2 _ carbon

Previously, Tropsch and Egloff (ref. 53) showed that acetylene is a product of

the pyrolysis of pure hydrocarbons. They passed ethane rapidly through a heated

tube for various contact times and found that ethene, acetylene, and carbon were

formed. This experiment simulates the reactions that might occur in the lowest por-

tion of a diffusion flame where the fuel is heated before coming into contact with

oxygen.
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Since acetylene may be the last stable product to appear before smoke forma-

tion, the final step in the mechanism of smoke formation would be that leading from

acetylene to smoke. If all hydrogen atoms were removed from the C2H 2 molecule, the

mechanism for the final step in the formation of smoke would be that of the poly-

merization of C2 radicals. Such a mechanism was at one time considered a plausible

and promising explanation of smoke formation (e.g., ref. 18). However, the theory

of smoke formation via C 2 has now been rejected by numerous authors (refs. 17, 24,
and 32).

A mechanism based on simultaneous polymerization and dehydrogenation is pro-

posed in reference 32 to account for the steps between acetylene and smoke. The re-
action is exemplified by the following equation:

p I I

-C- + C_C _-C-C=C- _-C=C=C- + H 2i 0 1 I j I
H H H [H-HiH

Transient dlene structures like those indicated were also deemed important in refer-
ence 30.

Analogous to the work of reference 32 is the indication in reference 24 that a

mechanism involving free radicals or atoms is important in the formation of smoke.

The activation-energy requirements for such free-radical reactions were considered,
and the following values were reported:

C2H + C2H 2 *C4H 5 -_ C4H + H 2

Energy,
kcal/mole

~ 58

C2H + C2H 3 *C4H 2 + H - 29

C2H 2 + C2H 2 "*C4H 5 + H -6O

Reference 24 indicates that the first equation is of the type suggested by Porter

and proposes that, while the reaction is feasible and may occur to some extent, its
activation energy is much higher than that for the reaction shown in the second

equation. The third equation shows a possibility for the use of the energy of com-

bination in initiating reactions perhaps more effectively than by purely thermal

means. At particularly high temperatures, more than one reactive radical or hydro-

gen atom could result from a step such as the second equation, and chain-branching

might result. Steps such as these can occur with molecules containing larger and

larger numbers of carbon atoms, leading eventually to formation of carbon nuclei
and even to growth of a particle.

In summary, the general mechanism of smoke formation, based on the information
currently available, probably proceeds as follows:

(i) Some hydrogen atoms are removed from the fuel molecule by thermal processes.

The hydrogen atoms, in turn, cause further dehydrogenation of the molecule. The

more readily the hydrogen atoms are removed as compared with the breaking of carbon
bonds, the greater is the probability of smoke formation.

(2) After these initial dehydrogenation steps, the fuel molecules probably

continue to decompose to smaller molecules and fragments of molecules. Acetylene
is reported to be the last stable product to appear before smoke formation. Varioum

authors have shown that a breakdown to smaller products must occur rather than an

immediate growth to polymers or aromatic ring structures.
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(3) Although a breakdown to small fragments and relatively small molecules

takes place, the formation of smoke through polymerization of C 2 radicals has been

rejected. It has been proposed that in the final stages the small molecules such

as acetylene and hydrocarbon fragments undergo a simultaneous polymerization and

dehydrogenation to form smoke.

<D
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Coke

As previously mentioned, both the chemical and physical nature of hard combus-

tot coke and the location of these deposits on the eombustor liner suggest that this

material is formed by the liquid-phase degradation of fuel residues. In reference

5 it was concluded that this hard coke "is largely a petroleum coke resulting from

liquid phase cracking, subsequent pyrolysis, and final coking of the fuel from the

spray nozzle as it impinges on the hot liner wall," and that soft combustor coke

consists of smoke mixed with the residue from the degradation of fuel in the liquid

phase. If it is assumed that combustor coke is largely the product of hydrocarbon-

cracking reactions in the liquid phase, then the literature on the cracking of pe-

tro]e_ should apply to this problem.

Reference 54 on the formation and properties of petroleum coke is of interest,

since it describes quite fully the later stages in the reactions yielding this prod-

uct. This reference cites earlier work that proposes the following sequence of re-

actions: paraffins _ olefins _ aromatics with side chains _ condensed ring systems

asphaltenes _ carboids. The last reaction is then expanded to include the series

of: asphalt _ pitch _ semipiteh _ asphaltic coke _ earboid coke (_ graphite). It

is of little importance whether the earlier stages of the over-all coking reaction

proceed as indicated, since all commercial Jet fuels contain aromatics in sufficient

quantity to yield very easily the amount of coke found in combustors. These aro-

matics would be relatively nonvolatile, and this class of compounds would be con-

centrated in the liquid residues on combustor walls. The conversion of these resi-

dues to the various asphaltic and coke-like products is accomplished at temperatures

of the order of 850 ° to 1475 ° F, and these products resemble combustor cokes in many

ways (ref. 5).

The temperature at which combustor coke is formed cannot be determined by a

comparison with the properties of petroleum cokes formed at different temperatures.

The hydrogen-to-carbon ratio of hard eombustor coke (ref. 4) is about the same as

that found in reference 34 for petroleum coke formed at about 1380 ° F. However,

the high concentration in combustor coke of solvent soluble materials suggests a

much lower temperature of formation, of the order of 750 ° to 925 ° F. Probably, this

lower temperature range is more nearly the temperatures at which the fuel was de-

graded, and the observed low hydrogen-to-carbon ratio is the result of the trapping

of smoke in the coke deposits. True smoke has a comparatively low hydrogen-to-

carbon ratio and would reduce this ratio to that found in the coke samples (ref. 4).

Combustor coke is produced in the presence of oxygen and flame; petroleum coke

results from the decomposition of hydrocarbons alone. Because of these dissimilari-

ties in formation, the determination of the conditions for the production of combus-

tot coke may not be based on those for petroleum coke. The literature on the crack-

ing of hydrocarbons in the presence of small amounts of air or oxygen might be more

applicable. The presence of oxygen certainly accelerates the formation of high-

molecular-weight, asphaltic materials from lower-molecular-weight hydrocarbons.

Asphalt is made commercially by blowing residual petroleum fractions with air at

temperatures from 425 ° to 600 ° F; the liquid hydrocarbon is converted to semisolids

by this treatment (ref. 35).
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A direct attemptto simulatecombustoreondltlons in the formationof cokewith
a bench-scaleapparatusis reported in reference56. In this work, fuel wasallowed
to drip on a heated metal plate, and the evaporated fuel vapors were ignited by a

small pilot flame. The amount of coke deposited was determined by weighing the

metal plate before and after the test. Residues similar to combustor coke were

formed at plate temperatures of about 600 ° F, and the amount of deposits decreased

to substantially zero at about I000 ° F. This test was developed primarily as a fuel

evaluation test and has not been used to propose a mechanism for coke formation, al-

though it does indicate that the formation of coke may be minimized with high metal

temperatures.
t

In summary, it appears probable that combustor coke is formed by degradation,

in the liquid phase, of the less volatile fuel components. This coke probably con-

tains considerable quantities of gas-phase-produced smoke that is trapped therein.

The degradation of fuel is accelerated by oxygen_ and coke may be produced at tem-

peratures in the 750 ° to 950 ° F range.

O
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EFFECT OF SOLIDS ON RADIANT HEAT TRANSFER

Information concerning radiant heat transfer from flames is necessary for the

evaluation of problems such as combustor-wall cooling, application of flame-immersed

fuel vaporizers, and the rate of evaporation of fuel droplets. This section deals

with the effect of the solid products of combustion on the radiant power or the

emissivity of flames. The solid products that become attached to the combustor

walls (coke) may also influence radiant heat transfer to these walls by increasing

the surface emissivity. However, this latter effect is not believed to be of much

importance, since the emissivity of the usual materials of construction is quite

high at high temperatures and would not be greatly increased by coke deposits.

Nonluminous flames emit two types of radiation. These are (i) electronic emis-

sion by radicals in the ultraviolet and visible region, and (2) molecular emission

by water and carbon dioxide in the infrared. The electronic emission comprises a

very small fraction of the total radiant power from combustion processes, and its

effect on radiant heat transfer can be ignored. Luminous flames yield, in addition

to the preceding types of radiation, a black-body radiation that arises from the

hot solids present in such flames. A large fraction of this black-body radiation is

in the near infrared. A further discussion of the radiation from both types of

flames can be found in reference 37.

The radiant power from a combustion zone increases sharply as the flame is

changed from a nonluminous to a luminous type. This change may be accomplished by

increasing the pressure, the fuel-air ratio, or the smoking tendency of the fuel.

As an example of the effect of pressure, a study of the radiation from flames in a

turbojet combustor (ref. 38) showed that the radiant power increased rapidly with

pressure and to a lesser degree with changes in fuel-air ratio. Pressures ranged

from 20 to 95 inches of mercury absolute, and the total radiation from a luminous

flame was several times greater than that from a no, luminous flame. Increases in

fuel-air ratio that changed nonluminous flames to luminous ones were studied in a

laboratory burner (ref. 39) and in a small furnace (ref. 40). A fourfold increase

in radiant power was observed with acetylene fuel in the laboratory burner and a

two- to threefold increase with natural gas in the furnace. In reference 41, the

character of the fuel fed to an industrial furnace was varied. The addition of small

amounts of fuels of high smoking tendencies, such as benzene or tar, increased the

emissivity of the flame from 0.15 to 0.4. In general, the emissivity or radiant

power from a flame increases several times as the flame becomes luminous because of

the presence of solid products of combustion.
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Fairly accurate calculations of the rate of radiant heat transfer can be made

for nonl_minous flames with the method and charts of reference 42. These require,

as input variables, the combustion-chamber geometry, reaction stoichiometry, pres-

sure, and temperature. Similar calculations cannot be made on a theoretical basis

alone for luminous flames. These require the experimental measurement of at least

two flame properties to determine emissivity. In reference 42, two-color optical

pyrometry was used to determine red and green brightness temperatures, which were

then used in the calculation of emissivity. In reference 38, a total-radiation py-

rometer and a red-filtered optical pyrometer were used to supply the necessary ex-

perimental data. Once emissivities are known, the calculation of radiant heat-

transfer rates is similar for both luminous and nonluminous flames.

In summary, radiant heat transfer is greatly increased by the presence of solid

combustion products. Quantitative determinations of the radiant power from luminous

flames require, at present, experimental measurements of the flame in question.

However, it is possible that further research plus a backlog of experience on var-

ious types of combustors may eventually permit estimates of radiant heat transfer

from luminous flames based on theory alone.

SIGNIFICANCE OF BASIC SMOKE AND COKE STUDIES IN DESIGN OF JET-ENGINE COMBUSTORS

The factors relating to the formation of solid carbon during the combustion of

hydrocarbons in simple laboratory flames have been reviewed. Some of the major con-

clusions resulting from the study of laboratory flames that are pertinent to combus-

tor design may be summarized as follows:

I. Smoke is formed only in systems containing a fuel-rich region. Coke and

smoke will not result from the combustion of premixed fuel-air systems if the mix-

ture strength is maintained near stoichiometric. Therefore, any combustor design

that minimizes or eliminates the presence of local fuel-rlch regions should also

minimize or eliminate the smoking and coking tendency of the combustor. It is rec-

ognized that fuel-lean operation reduces combustor stability and altitude efficien-

ties. Therefore, compromises must be made in combustor design to obtain satisfactory

performance in regard to both burner stability and efficiency and to freedom from

coking.

2. Increasing pressure increases the carbon-forming tendency of hydrocarbon

flames. Therefore, the problenLs of smoke and coke, and also of radiant heat-transfer

effects, increase with increasing combustion-chamber pressure.

3. There are pronounced differences in the smoking tendencies of the various

hydrocarbon fuels. Of the hydrocarbon types commonly found in petroleum-derived

fuels, aromatics have by far the greatest smoking tendencies. However, there are

large differences among the various classes of aromatics. The problems of control-

ling smoke and coke in turbojet engines can be lessened by limiting the aromatic

concentrations in fuels and especially by limiting the concentrations of the more

objectionable types of aromatics.
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APPENDIX - PHYSICAL AND COMBUSTION PROPERTIES OF SELECTED FUELS

Data according to various investigators have been compiled and are presented

in table I. Column headings are explained as follows:

Sp. gr. - Specific gravities were obtained from reference i, except as noted.

Values from reference 1 are 60°/60 ° F, while those from reference 2 are generally

200/4 ° C.

B.___p. - Normal boiling points at 1 atmosphere were taken from reference i, ex-

cept as noted.

2_va _. - Heats of vaporization were obtained from reference i, except as noted.

2_ C. - Heats of combustion of gaseous fuel to give gaseous products are from

reference i.

Stoich. mixt. - Stolchiometric mixtures are given, as mole fraction of fuel

(volume percent/100) and as fuel-alr ratio by weight.

Flammability limit. - Flammability limits in percent of stoichiometric fuel-

air ratio, in most cases obtained with upward propagation in a 2-inch tube closed

at both ends, are from reference 3, except as noted.

Spon. ig. temp. - Spontaneous ignition temperatures were determined by the

modified A.S.T.M. drop test in reference 4, except as noted. Minus signs following

values indicate that slightly lower values have been reported.

f/a for max. U F. - Fuel concentrations in percent stoichiometric fuel-air

ratio for maximum burning velocity were determined at 77 ° F and atmospheric pres-

sure (ref. S).

Max. U F (ref). - Maxumumburning velocities relative to propane, which are

arbitrarily rated i00 for each experimental method (see table II for absolute

values for propane for each method), were obtained from reference 5. Burning ve-

locities were, in most cases, measured by the NACA tube method (see ref. 6).

TF at f/a for max. U F. - Adiabatic flame temperatures were calculated at

the stoichiometrlc fuel-alr ratio for maximum burning velocity according to the

method of reference 7. Values were obtained from reference 5.

Min. i 6. energy. - Minimum ignition energies at stoichiometric fuellalr ratios

and the absolute minimum ignition energies that occur at some richer concentration

were obtained from reference 8, except as noted. In most cases, 1/S-inch rod

electrodes (unflanged) and capacitance sparks were used; pressure was 1 atmosphere.

Quench. dist. - Quenching distances between parallel plates at stoichiometric

fuel-air ratios, and absolute quenching distances through which no flame will pass

regardless of concentration were estimated from log-log correlations betwee_ igni-

tion energy and quenching distance (based on data from refs. 9 and l0 and informa-

tion received from Experiment, Inc.) and minimum ignition energies included herein,

except when taken from references 9 and 10.
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TABLEI. - PHYSICALANDCOMBUSTION

[Numberedsuperscripts

FueI Molec-
ular
wt.

Sp. gr. B.P.,IZiHvap, ZiHC, Stoich.
OF Btu/ib gas- mixt.

gas,
iBtu/ib By By

vol. wt.

Acetaldehyde
Acetone
Acetylene
Acrolein
Acrylonitr_le

Allene (propadiene)
Ammonia
Aniline

44.1 0.7832
58.1 .7922
26.0 .6212
56.1 .8412
55.i .7972

40.1
17.0 e.817
95.1 1.O222

_7022452
1542 2242

b-l19

1272

1752

-50

-282 5902

5642 18716

20,754

19,921

Benzene

,n-butyl

,sec -butyl-

,ter_____t-but yl-

,1,2, -diethyl-

78.1 .885 176

154.2 .865 562

154.2 .866 544

154.2 .871 556

154.2 .884 362

169 17,446

17,984

,l,5-diethyl-

,l,4-diethyl-

,l,2-dimethyl- Io-xylene)

,l,3-dimethyl- [m-xylene)

,l,4-dlmethyl- ([-xylene)

154.2 .868 558

154.2 .866 565

106.2 .885 292

106.2 .869 282

106,2 .866 281

,ethyl- 106.2 .872 277

,tsobutyl- 134.2 .858 545

,isopropyl- (cumene) 120.2 .866 506

,l-methyl-2-ethyl- 120.2 .885 529

,l,-methyl-5-ethyl- 120.2 .869 522

,l-methyl-4-ethyl- 120.2 .866 524 157

,l-methyl-5,5-diethyl- 148.2 .867 595

,nitro- 125.1 1.1992 4122 14216

,propyl- 120.2 .867 519 157

,l,2,5-trimethyl- (hemlmellitene) 120.2 .899 549 145

,l,2,4-trimethyl- (pseudocumene) 120.2 .880 357 140

,l,3,5-trlmethyl- (mesitylene) 120.2 .870 328 140

,vinyl- (styrene) 104.1 .911 293

aTube open at lower end.

bSublimes.

CFlanged electrodes.

!149 17,725

!147 17,716

146 17,719

146 !17,767

154 17,873

159 17,864

138 17,853

17,848

0.0772 0.1280

.0497 .1054

.0772 .0755

.0564 .1165

.0528 .1028

.0497 .0728

.2181 .1645

.0263 .0872

.0271 .0756

.0153 .0721

.0155 .0721

.0155 .0721

.0155 .0721

.0153 .0721

.0153 .0721

.0195 .0754

.0195 .0734

.0195 .0734

.0195 .0754

.0155 .0721

.0171 .0727

.0171 .0727

.0171 .0727

.0171 .0727

.0138 .0717

.0524 .1429

17,887 .0171 .0727

17,825 .0171 .0727

17,809 .0171 .0727

17,802 .0171 .0727

17,598 .0205 .0755

do.o225-1nch stainless-steel electrodes; spark duration, I millisec.

eMeasured at -ii0 ° F.

fMeasured at elevated temperatures by Bunsen burner schlieren total-area method and

extrapolated to room temperature.

0%
0
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PROPERTIES OF FUELS

indlcate references.]

Flammability Spon. ig.

l_mit, per- temp
cent of

stoich.

Lean Rich

a5911 a23311

aslll

a4811 a75211

a8711

43 336

45 307

aS011

52 552

I

104212
58112

55212
89812

120412

ii00-

1097-

821

856

891

759

851

844

954-

1045

1048

860
855
873
836
905

902

861
9oo12
853

895

970

1039
91412

f/a for

max. U F ,

percent
of

stoich.

151

15Z

-i00

105

121

108

108

105

108

109

Max. • TE at

_(rel) f7 _ for
max. U_ ,

oR

11715 3820

5626

14414

10915 4430

189 IZ 4450

f10415 4150

f8413 4185

f8513 4175

fs015 4205

f8413 4180

Min. ig.

energy,

i0 -5 Joule

Stolch. Abs.

min.

37.6

115
cZ

c17.5

e36 d1615

55 d22.517

Quench. dist.,
in.

Stoich. Abs.

0.09

.15

.03

.06

.O9 O.O6

.ii .07
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TABLE I. - Continued. PHYSICAL AND

[ Numbered superscripts

Fuel Molec- 9p. gr. B.p., AHvap, _HC, Stoich.

ular OF Btu/ib gas- mlxt.

wt. gas,

Btu/Ib By By
vol. wt.

Benzyl alcohol 108.1 1.0502 4012 0.0240 0.0923

Biphenyl 154.2 1.1802 4902 .0141 .0772

,2-butyl- 210.3 .0101 .0745

,Z-ethyl- 182.3 .0118 .0756

,2-methyl- 168.2 1.0102 5002 .0129 .0763

,2-propyl- 196.3 .0109 .0750

1,2-Butadiene (methylallene) 54.1 g.658 52 19,587 .0366 .0714
1,3-Butadiene (divinyl, vinylethylene) 54.1 g.627 24 19,153 .0366 .0714

,2,5-dimethyl- 82.1 .731 156 .0240 .0701

,2-methyl- (isoprene) 68.1 .686 93 19,003 .0290 .0706

n-Butane 58.1 g.584 31 166 19,655 .0312 .0649

,2-cyclopropyl- 98.2 .0195 .0679

,2,2-dimethyl- 86.2 .654 122 131 19,299 .0216 .0659

,2,3-dimethyl- 86.2 .666 156 156 19,338 .0216 .0659

,l,l-diphenyl- 210.5 r .0101 .0744

,2-methyl- (isopentane) 72.1 .625 82 146 119,451 .0255 .0654

,2,2,3-trimethyl- 100.2 .695 178 124 19,241 .0187 .0661

Butanone (methylethyl ketone) 72.1 .8052 1752 1912 .0366 .0951

l-Butene 56.1 g.601 21 168 19,475 .0337 .0679

,2-cyclopropyl- 96.2 .0205 .0698

,2,3-dimethyl- 84.2 .685 132 19,159 .0227 .0679

,2-ethyl- 84.2 .694 148 19,198 .0227 .0679

,2-methyl-

,3-methyl- (=-isoamylene)

,2,5,3-trimethyl-

trans-2-Butene

2,5-dlmethyl-2-bhtene

2-methyl-Z-butene

5-Buten-l-yne (vinylaeetylene)

_-Butyl chloride

l-Butyne

,3,3-dlmethyl-

70.1 .656 88

70.1 .633 68

98.2 .710 172

56.1 g.610 34

84.2 .713 164

70.1 .668 i01

52.1 .6872 412

92.6 .8842 1722

54.1 g.650 47

82.2

19,252 .0271 .0678

19,297 .0271 .0678

19,092 .0195 .0679

_rube open at lower end.

bSublimes.

CFlanged electrodes.

d0.o225-Inch stainless-steel electrodes; spark duration, 1 milllsec.

gsaturatlon pressure.

I!74 19,389 .0337 .0679

19,135 .02_7 .0679

19,214 .0Z';i .0678

.0402 .0756

.0324 .1075

19,590 .0366 .0714
.0240 .0702

O1
o_
O -
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COMBUSTION PROPERTIES OF FUELS

indicate references. ]

Flammability

limit, per-
cent of

stoich.

Lean Rich

a5311 a54011

Spon. ig

temp.,
OF

80212

1071

811

84O

936

845

78412

82412

5419 33019 807-

5519 35119 824

5519 37219 790

863
5019 35919 800-

5819 35819 849

5319 35319 83012

a52!i a30711

697

615

706

721

764

f/a for

max. UF,

percent

i17

i19

119

118

113

129

i13

115

114

i18

I00

116

115

131

117

115

115

i15

109

120

121

Max. !TF at Min. ig.

UF(rel) f/a for energy,

max. UF, i0 -5 Joule

°R Stoich. Abs.

mln.

14918

14018

11218

11918

97

102

92

95

94

92

9214

iii

10913

10115

i01

100

106

9515

19515

14918

12218

4355

4275

4170

4220

4060

4055

4055

Quench. dist.,
in.

Stoich. Abs.

mln.

c23.5 12.5 0.07 0.05

769 269 .12 .07

164 d2515 .18 .07

4055 c96 d2115 .14 .07

4035 i00 .14

4175

4215
3970

4110

4135

4150

4115

452O

53 28 .i0 .08

8.22
c124

4345

4210

.O4

.15



vi NACA RM E54107

TABLE I. - Continued. PHYSICAL AND

Fuel Molec-

ular

wt.

Sp. gr.

[ Numbered superscripts

B.p., AHvap, D_C, Stoich.

OF Btu/Ib gas- mixt.

gas,

Btu/lb By By
vol. wt.

2-Butyne

m-Camphor

Carbon isulfide

Carbon :onoxide

Cyanogen

54.1 0.697

152.2 .9902

76.1 1.2632

28.0

52.0 .8662

Cyclobutane 56.1

,ethl i- 84.2

, ropyl- 98.2

,methyl- 70.1

,methylene- 68.2

81 19,440 0.0366 0.07]4

b3992 .0153 .0818

1152 1512 .0652 .1841

-3102 91 .2950 .4064

-52 18616 .0947 .1887

.7052 552

.6932 972

.0337 .0679

.0227 .0679

.0195 .0679

.0271 .0678

.0290 .07O7

Cyclohexane 84.2 .783 177 154 18,846

,ethyl- 112.2 .792 269 133 18,816

,methyl- 98.2 .774 214 139 18,797

,l-methyl-2-tert-hutyl- 154.3

Cyclohexene 82.1 .8102 1812

Cyclo r tadlene 66.1 .8052 1092

.0227 .0679

.0171 .0679

.0195 .0679

.0125 .0679

.0240 .0701

.0312 .0738

Cyclo; tane 70.1 .751 121 167 19,001

,methyl- 84.2 .754 161 148 18,950

,_-propyl- 112.2 .781 268 t18,907

Cyclo_ tene 68.1 .7722 1122

Cyclopropane 42.1 e.720 -502

,cis 1,2-dimethyl- 70.1

,tran_-l,2-dlmethyl- 70. i

,ethl i- 70.1

,methyl- 58.1 i.891 412

,l,l,2-trimethyl- 84.2

trans-D, calin (decahydronaphthalene) 138.2 .874 369

n-Decane 142.3 .754 545 ll9 19,175

T-Decene 140.3 .745 3Z9 19,094

Diethyl ether 74.1 .7142 942 1512

Dihydropyran 84.1

Diisopropyl ether 102.2 .7262 1542

.0271 .0678

.0227 .0679

.0171 .0679

.0290 .0706

.0444 .0679

.0271 .0678

.0271 .0678

.0271 .0678

.0337 .0679

.0227 .0679

.0142 .0692

.0135 .0666

.0138 .0679

.0337 .0896

.0512 .0939

.0227 .0824

_ube open at lower end.

CFlanged electrodes.

<10.0225-Inch stainless-steel electrodes; spark duration, 1 millisec.

eMeasured at -ii0 ° F.

fMeasured at elevated temperatures by Bunsen burner schl_eren total-area method and

extrapolated to room temperature.

hDry air; 0.97 percent hydrogen _n carbon monoxide.

IMeasured at -4o F.

o
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COMBUSTION PROPERTIES OF FUELS

indicate references. 3

Flammability

limit# per-
cent of

stoich.

Lean I Rich

a1811 all2011

a3411 a67611

a5511 a37611

48 401

a5411 a42011

45 359

43 368

a58 II a276 II

45 356

36 392
a5511 a264011

Spon. ig.

temp.,

OF percent

120

871
24812 -102

112812 ~170

156212

i15

i15

135

118

123

518 ll7

5O7

509 125

597

i00

725 117

614 122
54512

121

92812 113

116

118

125

116

115

521- 109

449 i05

471 112

36620 i15

f/a for Max.

max. UF, U_(reZ)

132

12714

hlo014

14513

11513

lOO13
114

132

9918

9618

103
10114

9618

9218

104

12218

11913

11913

12213

12613

11213

f7913

f9413

f9613

10213

TF at

f/a for

mB.x. OF,

oR

4320

4155

4125

3900

4050

3935

4075

4010

4190

4170

4160

4125

4170

4155

4000

4115

4135

4055

Min. ig.

energy,

I0 -5 Joule

Stoich.

1.5

138

c86

67

c83

c24

49

c56

114

Abs.

min.

d22.317

d2715

'c23

d2815

Quench• dist.,
in.

Stoich. Abs.

min.

O. 02

.16

.13

.ii

•13

O. 07

•07

• 07 .07

.i0

•ii

•15

.O8
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TABLE I. - Continued. PITYSICAL _

[ Numbered superscripts

Fuel

Dimethoxymethane

Dimethyl ether

Dimethyl sulfide

Di-ter_____t-butyl peroxide

Divinyl ether

Ethane

,l,l-diphenyl-

Molec-

ular

wt.

76.1

46.1

62.1

146.2

70.1

SO. i

182.5

Sp. gr. B.p., Z_Hvap, Z_C, Stoich.

OF Btu/ib gas- mixt.

gas,

Btu/ib By By
vol. wt.

0.8562 1112 0.0497 0.1381

-112 .0652 .1115

.8462 1002 .0444 .I001

.0179 .0923

.7742 1022 .0402 .1017

-128 210 20,416 .0564 .O624

1.0062 5222 .0118 .0756

Ethene 28.1 -155 208 120,276 .0657 .068_

Ethyl acetate 88.1 .9012 1712 .0402 .1279

Ethyl alcohol 48.1 .789 Z 173 Z 3682 .0652 .ii15

Ethylamine 45.1 .7062 622 26316 .0528 .O875

Ethylene oxide 44.1 1.9652 512 2502 .0772 .1280

Ethylenimine 43.1 .8322 1322 .0605 .0962

Furan 68.1 .9362 902 1722 .0444 .1098

,tetrahydro- 72.1 1492 .0366 .0951

,thio- (thiophene) 84.1 1.0642 1832 .0337 .1017

_-Heptane 100.2 .688 209 156

,5,5-dimethyl- 128.3 .730 279 I18

19,314 .0187 .0661

.0147 .0665

l-Heptene 98.2 .702 201 i19,202 .0195 .0679

l-Heptyne 96.2 .738 212 19,262 .0205 .0698

Hexadecane 226.4 .777 548 98 19,052 .0085 .0671

l-Hexadecene 224.4 .785 544 19,000 .0086 .O679

1,5-Hexadlene 82.1 .697 139 .0240 .0701

n-Hexane 86.2 .664 156 144 19,591 .0216 .0659

,2,3-dimethyl- 114.2 .717 240 126 19,236 .O195 .0789

l-Hexene 84.2 .878 146 19,262 .0227 .0679

l-Hexyne 82.1 .721 161 19,554 .0240 .0701

3-Hexyne 82.1 .7262 .0240 .070l

Hydrogen 2.0 -4232 1942 51,571 .2950 .0290

Hydrogen sulfide 34.1 -792 2372 .1224 .1650

aTube open at lower end.

CFlanged electrodes.

d0.o225-1nch stainless-steel electrodes; spark duration, i milllsec.

fMeasured at elevated temperatures by Bunsen burner schlleren total-area method and

extropolated to room temperature.

t_
%n

O
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COMBUSTION PROPERTIES OF FUELS

indicate references. ]

Flammability

limit, per-
cent of

stolch.

Lean Rich

as011 a330 II

5019 27219

4119 >61019

a6111 a23611

53 450

51 400

Spon. Ig.

temp_

66212

68012

88212

909

91412

90720

73812

80420

477 -

626

5O5

446

464

501-

82012

52 395 521

1060 -12

55412

f/a for

max. UF,

percent

119

112

Max. _ at Min. ig.

UF(rel) f_a for energy,

max. UF, i0 "5 Joule
OR

Stoich. Abs.

mi_.

11713 4010
42

c45

c76

c65

103 4040 c42 d2417

115 175 4275 9.6

~i00 8314 142 48

125

i00

122

240
23413 4340 10.5

i01 48

22.5
54

c60

99 5985 ci15

108 f9513 4115

118 113

117 99 4030

118 108 4115

124 124 4200
11618 4150

-170 67914

c95.1

959

2.0

c7.7

6.2

d2415

239

1.8

Quench. diet.,
in.

Stoich. Abe.

0.09

.09

.12

.ii

.099 0.079

.05

.17 .i0

.21

.05 .04

.i0

.07

.Ii

.Ii

.15 .07

.13

.14 .07

.02510

.04

.02410



x NACA RM E54107

TABLE I. - Continued. PHYSICAL A_E ,

[Numbered superscripts

Fuel Sp. gr.
B_. , mHva p , nI_c ,

Btu/ib gasgaS-,

Btu/ib

Isopropyl alcohol 0. 7852 1802 2862

Isopropylamlne •6902 952

Isopropyl chloride .8592 962

Isopropyl mercaptan .8562 1542

d_-Limonene .8422 5512 12516

Methane -259 219

,diphenyl- 1.0012 5032

Methyl alcohol .7932 1482 4732

Methyl formate .9752 892 2052

Uaphthalene, 1-ethyl- 1.012 498

,1-methyl- i 025 472

_-Nonane 722 505 12_

,2-methyl- 722 552

n-Octane 707 258 i129

,2,5-dlmethyl- .742 527

,4-ethyl- .744 334

,2-methyl- .718 290 125

,S-methyl- .725 292 123

,4-methyl- .724 288 123

21,502

19,211

19,256

l-0ctene .719 250

1,2-Pentadlene (eth_ Lene) .698 llZ

ci____s-l,5-Pentadlene .696 iii

trans-l,S-Pentadiene

,2-methyl-(cls or

[perylene) .681 108

_n___s) .724 169

1,4-Pentadiene .666 79

2,5-Pentadiene .700 119

19,157

19,444

19,018

19,016

19,190

19,399

n-Pentane .631 97 154

,2,2-dimethyl- .678 175 125

,2,5-dlmethyl- .699 194 150

,2,4-dlmethyl- .677 177 127

19,499

19,235

19,265

19,253

CFlanged electrodes.

do.0225-Inch stalnless-steel electrodes} spark duration, i millisec.

Stoich.

mixt.

----r--

By I By
vol. _ wt.

0.0444 0.0969

.0385 .0817

.0422 .1199

.0357 .0922

.0147 .0706

.0947 .0581

.0129 .0765

.1224 .1548

.09471 .2181

.0138 .0756

.0155 .0764

.0147 .0665

.OIZZ .0666

i

.0165 i .066Z

.O!SZ .0666

.0135 .0666

.0147 I .0665

.0147 .0665

.0147 .0665

.0171 .0679

.0290 .0706

.0290 .0706

.0290 .0706

.0240 .0701

.0290 .0706

.0290 ,0206

.0255 .0654

.0187 .0661

.0187 I .0661.0187 .0661

fMeasured at elevated temperatures by Bunsen burner schlieren total-area method and

extrapolated to room temperature.

JUnpublished NACA data.

0.1
O7

0
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COMBUSTION FROPERTIES OF FUELS

indicate references. 3

Flammability Spon. ig.

limit, per- temp.,
cent of oF

stoich.

Lean Rich

85220

5O5

4619 16419 I 1170_12

962

J48 J408 87820

898

1017

47 454 455

418

51 425 464-

447

458

440

442

450

46 384 495

54 559 544

69 457 640

f/a for Max. TF at

max. UF, UF(rel ) f/a for

percent max. UF,
OR

i00 8914

114 6813 4030

i06 87 4025
107 f7715 4280

-I01 12214

119 15518 4285

120 11918 4205

119 11718 4250

115 i0015_ 4220

115 11918 4270

119 15018 4280

Min. ig.

energy,

10 -5 Joule

115 99 4050
119 8918 4040

119 9418 3995

117 92 4025

Stoich

65
20022
15522

c87

ASDS.

min.

359 299

Quench• dist.,
Iz.

Stoich. Abs.

min.

0. ii

.19

.17

•1B

.109 0.089

c82 d2215 .i$ .07

21.5 d1415 .07 .06

c62 .ii



xii NACA }94 E54107

TABLE I. - Continued.

Fuel Molec-

ular

wt.

n-Pentane, 2,4-dimethyl-Z-ethyl- 128.Z

,5,3-dimethyl- 100.2

,2-methyl- 86.2

,Z-methyl- 86.2

,2,2,3,3-tetramethyl- 128.3

,2,3,3,4-tetramethyl- 128.3

,2,2,3-trimethyl- 114.2

,2,2,4-trimethyl- (isooctane) 114.2

,2,3,3-trimethyl- 114.2

l-Pentene 70.1

,2-methyl- 84.2

,4-methyl- 84.2

,2,3,4-trimethyl- 112.2

,2,4,4-trlmethyl- (diisohutylene) 112.2

cis-2-Pentene

,2,4,4-trimethyl-

,3,4,4-trimethyl-(ci____s or trans)

trans-2-Pentene

l-Pentyne

,4-methyl-

2-Pentyne

,4-methyl-

m-Pinene

Propad!ene (see Allene)

Propane

,2-cyclopropyl-

,l-deutero-

,l-deutero-2-methyl-

,2-deutero-2-methyl-

,2,2-dlmethyl- (neopentane)

,l,l-diphenyl-

,2-methyl- (Isobutane)

70•1

112.2

112.2

70.1

68.1

82.2

68. i

82.2

136.2

44.1

84.2

45•1

59.1

59.1

72.1

196.3

58.1

Sp. gr.

0.742

•698

.656

.669

.761

.759

•720

•696

.7Z0

.646

•687

•669

.73Z

.719

.661

726

.745

.655

.695

.716

.8582

g. 5O8

[Numbered

B.p. , .5]{yap '
OF

Btu/ib
i
i

I

278 119

187 127

140 139

146 140

284 118

287 117

230 121

211 117

239 123

86

141

129

226

215

99

221

234

97

104

1Z3

3092

-44 183

.597 49 156

g.563 ii 1158

gas- I

gas, l

Btu/ib I

• 19.255X
19,3561

19.3691

1
19,212

19,197

19,226

19.346

19,1851

19.2251

r
i !

i
J
19. 3081

19,2801

19,436 i

19,ZZSl

19,929

__±!9, 593

aTube open at lower end.

CUnflanged electrodes.

d0.0225-Inch stainless-steel electrodes; spark dlmation, 1 milllsec.

gSaturation pressure.

Junpublished NACA data.

P_YSICAL AND

superscripts

Stoich.

mixt.

By I By

vol. I wt.

0.01470.0665

.0187 .0661

.02161 .0659

.0216 .0659

.0147 .0665

.0147 .0665

.0165 .0663

.0165 .0663

.0165 .0665

.0271 .0678

.0227 .0679

.0227 .0679

.0171 .0679

.0171 .0679

.0271 .0678

.0171 .0679

.0171 .0679

.0271 .0678

.0290 .0708

.0240 .0702

.0290 .070_

.0240 .0702

.0147 •0706

.0402 .0840

.0227 .0679

.0402i .0655

.0312 .0660

.03121 .0660

.0255 I .0654.0109 .0750

.0512 .0649
-- i

O_

O
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COMBUSTION PROPERTIES OF FUELS

indicate references. ]

Flammability Spon. ig.

limit, per- temp.,
cent of OF

stoich.

Lean Rich

754

6019 37219 585

580
a5411 a34411 845

48 360

J47 J570

J49 J345

818
816

837-

8O6

569-

582

580

495

788

587

626

506

5119 28319 940-

5419 28519

6019 52119

855

870

890-

f/a for

S_KX, UF#

percent

_rel) TF at
f/a for

max. UF,
oR

I15 94 4050

116 94 4O40

117

Min. ig.

energy,

10 -5 Joule

Stoich Abs.

min.

Quench. dist.,
in.

Stoich. Abs.

min.

8918 4020 c29 2817 0.08 0.07

114 109 4165

124 102 4025

i17 104 4150

124

c175 .18

11113 4035 c82 I1815 .13 .06

122 136 4265
120 11518 4220

115

125

114

118

Ii0

ii0

ii0

Ii0

13213 4280

11713 4160

I00

109

86
8613

8613

85

9O

4050 3123 2523

4060 c157

4065

.089 .079

•17
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TABLEI. - Concluded.PI_YSICALAND

[Numberedsuperscripts

Fuel Molec-

42.1
82.2
56.1

Sp. gr.

go.522

B.p., , fi_c, Stoich.A_vaP, mixt.oF
Btu/ib gas-

gas,
Btu/Ib By By

vol. wt.

g. 600

-54Propene

,2-cyc lopropyl-

,2-methyl-

Proplonaldehyde 58.1 .8072 1202

n_-Propyl alcohol 60.1 .8042 2072
n-Propyl chloride 78.5 .8902 1172

_ropylene oxide (l,2-epoxypropane) 58.1 .8312 952

l-Propyne 40.1 -i0

Silane, n-butyl- 88.2
,diethyl- 88.2

,ethyl- 60.1

,isobut yl- 88.2

,methyl- 46.1 _.620 -702

,tetramethyl- 88.2 .6452 802

,tr imethyl- 74.2

,vinyl- 58.1

Spiropentane 68.1
l-Tetradecene 196.4 .775 484

Tetrahydropyran 86.1 .8542 1792

Tetralin (tetrs-hydr onaphthaleue ) 132.2 .9712 4052

Toluene (methylbenzene) 92.1 .872 231

Tr iethylamlne I01.2 .7252 1932

Turpentine (mainly _-pinene)

Vinyl acetate 86.1 .9322 1622

Gasoline, 73-octane

Gasoline, 100-octane

Jet fuel, grade JP-I m 150 .81

Jet fuel, grade JP-3 m 112 .76

Jet fuel, grade JP-4 m 126 .78

Jet fuel, grade JP-5 m 170 .85

2O

188 19,685

169 19,546

2952

19,849

19,022

156 17,601

0.0444 0.0679

.0240 .0702

.0337 .@679

.0497 .1054

.0444 .0969

.0422 .1199

.0497 .1054

.0497 .0728

.0255 .0800

.0255 .08OO

.0402 .0872

.0255 .0800

.0564 .0956

.0255 .0800

.0312 .0828

.0444 .0937

.0290 .0706

.0099 .0679

.0290 .0893

.0158 .0758

.0227 .0745

.0210 .0753

.0444 .I288

n18,50( .OIZ .0£93

_18,70C .017 .068

]18,70¢ .015 .068

I18,50C .011 .069

CFlanged electrodes.

do.o225-1nch stainless-steel electrodes; spark duration, I millisec.

fMeasured at elevated temperatures by Bunsen burner schlieren total-area method and

extrapolated to room temperature.

gsaturation pressure.

Junpublished NACA data.

kEstimated from explosion curves.

_Measured at -71 ° F.

mproperties are given for average quality Jet fuels.

nLower heating valve; i.e., liquid to gas.

C_

O
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COMBUSTION PROPERTIES OF FUELS

indicate references.]

Flammability

limit, per-
cent of

stoich.

Lean Rich

48 272

4719

45 522

Spon. Ig.

temp.,
OF

percent

1036- 114

119

ll4

131
81220

128

119

J'k-491 123

J,k-455

kw26624

k-84624 119

k 5 424~ 9 119
k~20724 123

120

463

-90

794 I01

1054- 105

48612

57012

800-950

J480

J5o2
46812

f/a for Max. TF at Min. ig.

max. UF, UF(rel ) f/a for emergy,

max. UF, i0 -5 Joule

OR Stoich.

112 4210

115

96

12615 5855

17913 4170

179 4450

J~380
28525

>28525_
J-33o
J-640

15425

25625

J690

154

10514

f8415 4175

f9013 4220

28.2

49

10822

2023

1625

121

11522

c120

Abs.

mln.

d1415

11.523

d2215

Quench. dist.,
in.

Stoich. iAbs.

0.08

•I0

.15

•07 O. 06

•06 .05

•15 .07

•15

•15
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TABLE II. - EXFERIMENTAL BURNING VELOCITIES CF

PR GPANE-AIR MIXTURES

Method

Tube

Bunsen burner

schlleren

Bunsen burner

shadowgraph

Maximum

burning

velocity,

ft/sec

i. 28

1.41

1.53

Stoichiometric

fuel-air ratio

for maximum

burning

velocity,

percent

113

106

llO

Refer-

ence

26

27

14
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